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ABSTRACT 
 
Dye-sensitized solar cells (DSSCs) and quantum dot-sensitized solar cells 
(QDSSCs) are two promising alternative, cost-effective concepts for solar-to-electric 
energy conversion that have been offered to challenge conventional Si solar cells over the 
past decade. The configuration of a DSSC or a QDSSC consists of sintered TiO2 
nanoparticle films, ruthenium-based dyes or quantum dots (QDs) (i.e., sensitizers), and 
electrolytes. Upon the absorption of photons, the dyes or QDs generate excitons (i.e., 
electron-hole pairs). Subsequently, the electrons inject into the TiO2 photoanode to 
generate photocurrent; scavenged by a redox couple, holes transport to the cathode. The 
overall power conversion efficiency (PCE) of a DSSC or QDSSC is dictated by the light 
harvest efficiency, quantum yield for charge injection, and charge collection efficiency at 
the electrodes. The goal of our research is to understand the fundamental physics and 
performance of DSSCs and QDSSCs with improved PCE at the low cost based on 
rational engineering of TiO2 nanostructures, sensitizers, and electrodes through an 
integrated experimental and modeling study. In this presentation, I will discuss three 
aspects that I have accomplished over the last several years.  
(1) Effects of surface treatment and structural modification of photoanode on the 
performance of DSSCs. First, our research indicates that the surface treatment with both 
TiCl4 and oxygen plasma yields the most efficient dye-sensitized TiO2-nanoparticle solar 
cells. A maximum PCE is achieved with a 21 µm thick TiO2 film; the PCE further 
increases to 8.35% after TiCl4 and O2 plasma treatments, compared to the untreated TiO2 
(PCE = 3.86%). Second, we used a layer of TiO2 nanoparticle film coated on the FTO 
glass, and a bilayer of TiO2nanoparticle/freestanding TiO2 nanotube film deposited on the 
FTO glass as photoanodes. The J~V parameter analysis acquired by equivalent circuit 
model simulation reveals that nanotubular structures are advantageous and impart better 
charge transport in nanotubes. However, the photocurrent generation is reduced due to 
the small surface area, which in turn results in low dye loading. Third, we fabricate ZnO 
and TiO2 nanoflowers by the chemical bath deposition (CBD) method. The PCEs of 
DSSCs crafted with ZnO and TiO2 nanoflowers are low comparing to those with TiO2 
nanoparticles.  
(2) The use of earth abundant, environmentally friendly quaternary Copper Zinc Tin 
Sulfide (CZTS) as a low-cost alternative to noble metal Pt as the counter electrode (CE). 
With a simple wet chemistry synthesis of CZTS and a viable spin-coating fabrication of 
CE, the resulting CZTS film after selenization exhibits an impressive electrocatalytic 
performance as CEs to promote the regeneration of iodide from triiodide in electrolyte, 
yielding an impressive PCE of 7.37%, remarkably comparable to that with the Pt CE 
vii 
 
(PCE = 7.04%). The use of CZTS as CE may expand the possibilities for developing 
low-cost and scalable DSSCs, thereby dispensing with the need for expensive and rare Pt. 
(3) Simulation of the light harvesting ability of TiO2 nanotube solar cells coated with 
CdSe and PbSe QDs and the charge injection at the interfaces of TiO2 substrate and 
quantum dots. We find that for short nanotubes, there is a diffractive photonic effect 
where the absorption is maximized for the lattice pitch close to the wavelength of light 
being absorbed. The ab initio simulation results reveal appreciable overlaps of the wave-
functions in the QDs and the TiO2 substrate, which render the electron transfer on a time 
scale shorter than the electron-hole recombination time in the QDs. 
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CHAPTER 1: GENERAL INTRODUCTIONS 
1.1 Structure and mechanism of dye-sensitized solar cell 
1.1.1 Overview of the operation principles of dye-sensitized solar cell 
In the year 2000, an average of 13 TW of energy rate was consumed by the world. 
Assuming a kind of “business-as-usual” scenario with an assumption of population 
growth and energy consumption, the total demand of energy will increased to 28 TW in 
the year 2050
1-3
. The requirement for clean energy technologies has encouraged academic 
interest in new and efficient ways to capture and store sunlight
4-8
.  Even in the modern 
age, century-old liquid junction electrochemical cells still play an important role in our 
daily lives by delivering portable energy to everything from mobile phones to 
automobiles. 150-year-old lead acid battery stores more than 50% of the energy currently. 
Lithium ion batteries including lithium-air batteries have the potential to become 
promising lightweight storage batteries. In liquid-junction solar cells, organic hybrid solar 
cells, or thin film solar cells, photosynthetic membranes, conjugated polymers, 
sensitizing dyes, and semiconductor materials often serves as light harvesting antennas, 
while great attempts are being made which tries to mimic natural photosynthesis for next-
generation solar cells. In recent years, the concept of utilizing nanomaterial-based 
architectures in light energy conversion devices has emerged as an alternative to single-
crystalline based photovoltaic devices. Both dye sensitized and quantum dot sensitized 
solar cells are examples of such devices. 
Since reported in 1991
9
, dye sensitized solar cell (DSSC) has attracted the 
attention of many researchers for its low energy cost and low pollution to environment. 
Figure 1.1.1
1
 shows a schematic of the interior of a DSSC showing the principle of how 
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Figure 1.1.1 Schematic overview of a dye-sensitized solar cell.
1
 
 
 
Figure 1.1.2. Chemical structure of N719 dye 
the device operates. The typical configuration is as follows: the heart of the device is the 
mesoporous oxide layer composed of a network of TiO2 nanostructures that have been 
sintered together to establish 
electronic conduction. Typically, 
the film thickness is 10 to 20 μm 
and the nanoparticle is 10-30 nm 
in diameter. The porosity of the 
film is about 50-60%. The 
mesoporous layer is deposited on a 
transparent conducting oxide 
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(TCO) on a glass or plastic substrate. The most commonly used substrate is glass coated 
with fluorine-doped tin oxide (FTO). Attached to the surface of the nanocrystalline film 
is a monolayer of the charge-transfer dye. One of the most important dye is Cis-
diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(II) bis(tetra-
butylammonium) (N719), as shown in Figure 1.1.2. The nanoporous structure of the TiO2 
film provides high internal surface area to accommodate sufficient amount of dye for 
efficient light absorption. It also ensures that each dye molecule is in direct contact with 
both the TiO2 and the electrolyte that fills the pores of the film. The counter electrode 
(cathode) is a similar TCO glass substrate but is coated with platinum catalyst particles 
10, 
11
. The electrodes are attached together with a thermoplastic polymer film that functions 
both as an edge sealant and spacer forming a sandwich-like thin layer electrochemical 
cell where an electrolyte layer fills the gap between the electrodes.   
The operating principle of DSC is summarized in Figure 1.1.3
12
. When the dye 
absorbs a photon an electron is excited from a low-energy state (highest occupied 
molecular orbital, HOMO) to a high-energy state (lowest unoccupied molecular orbital, 
LUMO) of the molecule (1). This is followed by electron injection to the TiO2 
conduction band (2), and the oxidized dye is regenerated by electron capture from the 
redox electrolyte (3). The injected electron travels by diffusion in the TiO2 film until it 
finds its way to the substrate contact where it is released to the external electrical circuit 
(4). The electron is returned to the cell via an electrolyte reduction reaction at the counter 
electrode (5). The electrical circuit of the cell is completed by ionic transport of the redox 
pair in the electrolyte (6). The main back-reactions limiting the photocurrent are indicated 
with red arrows: (a) radiationless relaxation of the excited state of the dye, (b) 
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recombination of the electrons with the oxidized dye, (c) and with the tri-iodide in the 
electrolyte
12
. 
This operating cycle can be summarized as follows: 
 
 
The much simplified picture of the energetics and kinetics for a working DSC 
device that emerged in the early research
13
 is still useful as an introduction of working 
principles. The chemical complexity of the device must, however, be understood and 
mastered to improve our ability to identify predictive materials and optimized 
structure/function relationships
14
. With reference to the different reactions in Figure 
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Figure 1.1.3. Operating principle of the dye solar cell, showing the forward and 
backward reactions referred to by numbers in the text. 
1.1.3, the kinetic data for the different electron transfer processes taking place at the 
oxide/dye/electrolyte interface for state-of-the-art DSCs are summarized in Figure 1.1.4
1
. 
One of the most astounding findings in DSC research is the ultrafast injection from the 
excited Ru-complex in the TiO2 conduction band, reaction 2. Although the detailed 
mechanism of the injection process is still under debate, it is generally accepted that a fast 
femtosecond component is observed for this type of sensitizer directly attached to an 
oxide surface
15-17
. For DSC device performance, the time scales of the injection process 
should be compared with decay of the excited state of the dye to the ground state, 
reaction 1. This is given by the excited state lifetime of the dye, which for typical Ru-
complexes used in DSSCs is 20-60 ns
18
. Interestingly, Durrant and co-workers have 
observed a much slower electron injection in a complete DSC device with halftimes 
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Figure 1.1.4 Overview of processes and typical time constants under working 
conditions (1 sun) in a Ru-dye-sensitized solar cell with iodide/triiodide electrolyte. 
Recombination processes are indicated by red arrows
1
.  
around 150 ps. This would then be slow enough for kinetic competition between electron 
injection and excited state decay of the dye with potential implications for the overall 
DSC performance
19
. The interception of the oxidized dye by the electron donor, normally 
I
-
, is in the microsecond time domain. For a turnover number, that is, the cycle life of the 
sensitizer in the DSC device, to be above 10
8
, which is required for a DSC lifetime of 20 
years in outdoor conditions, the lifetime of the oxidized dye must be >100 s if the 
regeneration time is 1 μs. This is achieved by the best-performing Rucomplexes20. When 
the dye-sensitized mesoporous solar cell was first presented, perhaps the most puzzling 
phenomenon was the highly efficient charge transport through the nanocrystalline TiO2 
layer. The mesoporous electrodes are very much different compared with their compact 
analogues because (i) the inherent conductivity of the film is very low, (ii) the small size 
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of the individual colloidal particles does not support a built-in electrical field, and (iii) the 
oxide particles and the electrolyte-containing pores form interpenetrating networks whose 
phase boundaries produce a junction of huge contact area. These films may be viewed as 
an ensemble of individual particles through which electrons can percolate by hopping 
from one crystallite to the next. The charge transport mechanisms in DSSC are still under 
keen debate today. The kinetics of the back-electron-transfer reaction from the 
conduction band to the oxidized sensitizer follow a multiexponential time law, occurring 
on a microsecond to millisecond time scale depending on electron concentration in the 
semiconductor and thus the light intensity. Recombination of electrons in TiO2 with 
acceptors in the electrolyte is normally referred to as the electron lifetime. Lifetimes 
observed with the I
-
/I
3-
 are very long (1-20 ms under one sun light intensity) compared 
with other redox systems used in DSC, explaining the success of this redox couple. 
Counter electrodes for DSCs with I
-
/I
3-
 electrolytes can be rather easily prepared by 
deposition of a thin catalytic layer of platinum onto a conducting glass substrate. Best 
performance and long-term stability has been achieved with nanoscale Pt clusters. Charge 
transfer resistances of less than 1 Ω cm2 can be achieved21. 
In summary, photoexcitation of the latter results in the injection of an electron 
into the conduction band of the oxide, leaving the dye in its oxidized state. The dye is 
restored to its ground state by electron transfer from the electrolyte, usually an organic 
solvent containing the iodide/triiodide redox system. The regeneration of the sensitizer by 
iodide intercepts the recapture of the conduction band electron by the oxidized dye. The 
I
3- 
ions formed by oxidation of I
-
 diffuse a short distance (<50 μm) through the electrolyte 
to the cathode, which is coated with a thin layer of platinum catalyst, where the 
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regenerative cycle is completed by electron transfer to reduce I
3-
 to I
-
. Some numbers for 
typical materials and relative concentrations of the different species in the mesoporous 
system under normal working conditions (1 sun illumination) are noted in the recent 
paper by O’Regan and Durrant14:  
• Under working conditions there are about 10 electrons per TiO2 particle.  
• More than 90% of electrons in TiO2 are trapped and <10% in the conduction band. 
 • There are ∼10 000 adsorption sites for H+ on an 18 nm(diameter) TiO2 particle. 
• A TiO2 particle (18 nm) has ∼600 dye molecules on the surface. 
• Each dye molecule absorbs a photon once per second. 
• The flux of electron injection into the TiO2 particle is∼600 s
-1
. 
• Under working conditions, about 1 dye per 150 TiO2 particles is in its oxidized state. 
• The total volume fraction of the solutes in the electrolyte is ∼10-20%. 
• In the pore volume around the TiO2 particle, there will be ∼1000 I
-
 and 200 I
3-
 ions. 
• The concentration of iodine, I2, is <1 μM, that is, about one free iodine per 10 000 TiO2 
particles. 
 
1.1.2 Materials of dye-sensitized solar cell 
The major components of DSSC include dye sensitizers, n-type semiconductor 
and redox electrolyte. A dye sensitizer is attached to the semiconductor surface by 
functional anchor groups (usually carboxyl group) to harvest wide spectral distributed 
light and transfer the energy from photons to excite electrons. If the energy of the exited 
electron is sufficiently high, it may be injected to the conductive band of the n-type 
semiconductor through the anchor group and then transported to the photoelectrode. 
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Exited electron injection yields an oxidized sensitizer, which must be reduced by the 
redox couple in the electrolyte. The injected electrons return to the dark counter electrode 
through the external circuit where they reduce the oxidized redox couple. To get high 
power conversion efficient (PCE), high generation rate of photoelectron in the sensitizer, 
rapid and efficiency electron transport in the semiconductor and fast recovery and 
diffusion rate of redox couple in the electrolyte are essential.  
As one of the crucial parts in dye-sensitized solar cells (DSSCs), the 
photosensitizer should fulfill some essential characteristics
1
: 
(1) The absorption spectrum of the photosensitizer should cover the whole visible 
region and even the part of the near-infrared (NIR). 
(2) The photosensitizer should have anchoring groups (-COOH, -H2PO3, -SO3H, 
etc.) to strongly bind the dye onto the semiconductor surface. 
(3) The excited state level of the photosensitizer should be higher in energy than 
the conduction band edge of n-type semiconductor (n-type DSCs), so that an efficient 
electron transfer process between the excited dye and conduction band (CB) of the 
semiconductor can take place. In contrast, for p-type DSCs, the HOMO level of the 
photosensitizer should be at more positive potential than the valence band (VB) level of 
p-type semiconductor. 
(4) For dye regeneration, the oxidized state level of the photosensitizer must be 
more positive than the redox potential of electrolyte. 
(5) Unfavorable dye aggregation on the semiconductor surface should be avoided 
through optimization of the molecular structure of the dye or by addition of co-adsorbers 
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that prevent aggregation. Dye aggregates can, however, be controlled (H- and J-
aggregates) leading to an improved performance compared with a monomer dye layer
22
. 
(6) The photosensitizer should be photostable, and electrochemical and thermal 
stability are also required. 
Based on these requirements, many different photosensitizers including metal 
complexes, porphyrins, phthalocyanines and metal-free organic dyes have been designed 
and applied to DSCs in the past decades. The most important dye is Ru complex. Among 
the metal complexes, Ru complexes
16, 23, 24
 have shown the best photovoltaic properties: a 
broad absorption spectrum, suitable excited and ground state energy levels, relatively 
long excited-state lifetime, and good electrochemical stability. Several Ru complexes 
used in DSSCs have reached more than 10% solar cell efficiency under standard 
measurement conditions. Some representative Ru complex photosensitizers are collected 
in Figure 1.1.5.  
The monochromatic current yield can be illustrated as 
   
where LHE is light harvest efficiency (the fraction of incident photons that are 
absorbed by the dye), Φinj is the quantum yield for charge injection, and ηe represents the 
charge collection efficiency at the back contact. This equation expresses the ratio of 
measured current to the incident photon flux at a given wavelength.
25
 
The key to the breakthrough for DSCs in 1991
9
 was the use of a mesoporous TiO2 
electrode, with a high internal surface area, to support the monolayer of a sensitizer. 
Typically, the increase of surface area by using mesoporous electrodes is about a factor 
1000 in DSSCs. TiO2 still gives the highest efficiencies, but many other metal oxide 
11 
 
 
Figure 1.1.5 Collection of Some Representative Ru-Complex Photosensitizers. 
systems have been tested, such as ZnO, SnO2, and Nb2O5. Besides these simple oxides, 
ternary oxides, such as SrTiO3 and Zn2SnO4, have been investigated, as well as core-shell 
12 
 
structures, such as ZnO-coated SnO2.  
TiO2 is a stable, nontoxic oxide, which has a high refractive index (n = 2.4-2.5) 
and is widely used as a white pigment in paint, toothpaste, sunscreen, self-cleaning 
materials, and food (E171). Several crystal forms of TiO2 occur naturally: rutile, anatase, 
and brookite. Rutile is the thermodynamically most stable form. Anatase is, however, the 
preferred structure in DSSCs, because it has a larger bandgap (3.2 vs 3.0 eV for rutile) 
and a higher conduction band edge energy, Ec. This leads to a higher Fermi level and 
Voc in DSSCs for the same conduction band electron concentration. Unless stated 
otherwise, TiO2 in the anatase structure is used in the discussed investigations. In recent 
years, substantial progress has been made in the development of methods to synthesize 
new anatase nanostructures such as nanoparticles, nanorods, nanowires, nanobowls, 
nanosheets, and nanotubes and mesoporous materials such as aerogels, inverse opals, and 
photonic materials. These methods include sol-gel, micelle and inverse micelle, 
hydrothermal, solvothermal, sonochemical, microwave deposition techniques, direct 
oxidation, chemical vapor deposition, physical vapor deposition, and electrodeposition. 
Titanium oxide is believed to be the most suitable semiconductor for environment 
remediation. A major advantage of nanostructured solar cell is their large surface to 
volume ratios, which allows for increased loading of sensitizers and the potential of an 
increased number of current-producing electron transfer chemical reactions
7
. The specific 
surface area of the nanostructure may be increased by 1000 times compared with bulk 
material
26
. Nanoparticles are extensively used to make mesoporous film, partially due to 
the direct availability of porous structures with assembled nanoparticles and the 
simplicity of synthesis. Commercially available Degussa P 25 TiO2 nanoparticle is one of 
13 
 
the standard nanoparticle sources
27, 28
, since it is easily available, relatively inexpensive 
and high photocatalyst activity. It contains both anatase and rutile phase in a ratio of 7:3 
and the crystallite size is 30 nm. The most common technique for TiO2 nanoparticles 
synthesis is the hydrolysis of a titanium precursor such as Ti alkoxide with excess water 
catalyzed by acid or base, followed by hydrothermal growth and crystallization
1, 29
. With 
polymer templates, well ordered TiO2 mesoporous nanostructures with a narrow pore size 
distribution can be obtained. A TiO2 mesoporous film with 6 nm pore size was made by 
using amphiphilic triblock copolymer of ethylene oxide and propylene oxide
30
. 
Monodispersed polystyrene latex of 300 nm size was also used to prepare inverse opal 
TiO2 nanostructures
31, 32
 (Figure 1.1.6 a).  
As is well-known, electron collection is determined by trapping and detrapping 
events along the site of the electron traps (defects, surface states, grain boundaries, self-
trapping, etc.). Accordingly, intensive researches have promoted toward photoanodes 
comprising 1D nanocrystalline materials with enhanced electron transport properties 
because of the decreased number of intercrystalline contacts and stretched vertically 
grown structures with speciﬁc directionality33. As the important members of this 1D 
structure family, the development of semiconductor nanowires and nanorods will provide 
an opportunity to understand the physical properties of 1D semiconductor nanomaterials 
and pave the way for the realization of electrical, optical, and optoelectronic devices that 
employ nanowires and nanorods
34
. Among others, TiO2 nanowires and nanorods are of 
particular interest because of their demonstrated applications in a wide variety fields 
including dye-sensitized solar cells
35, 36
, water splitting
37
, photocatalysis
38
 and so forth 
(Figure 1.1.6 b). There is a broad set of solvothermal/hydrothermal
35, 39-41
, chemical 
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Figure 1.1.6. SEM images for TiO2 nanostructures: (a) inverse opal TiO2; (b) TiO2 
nanorods; (c) TiO2 nanotubes; (d) hierarchical TiO2 nano “tree”. 
oxidation,
38
 sol-gel
42, 43
, sol
36, 44
, and physical vapor deposition
45
 techniques capable of 
generating TiO2 nanoscale wires and rods. 
Another important 1D nanostructure is nanotube. The major difference of 
nanotubes between nanorods is the hollow cavity structure of the nanotubes. An array of 
nanotubes has high porosity and larger surface area compared to nanorods. Vertically 
aligned nanotubes also provide a direct pathway for electron transport and promote the 
accessibility of the nanostructured electrode to electrolyte as well as the nanorods. By 
replacing nanoparticluate films with nanotubes, electrons are allowed to move only in 
one dimension instead of three, which increase electron diffusion length and shorten 
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electron transport time constant
7
. TiO2 nanotubes can be easily synthesized from the 
electrochemical anodization of Ti foil
46-50
, Ti wires
51
 or Ti coated transparent conductive 
glass
52, 53
 in a fluoride electrolyte (Figure 1.1.6 c). The thickness of TiO2 nanotubes can 
reach as high as 1000 µm
54
. The length of the nanotubes, wall thickness, pore size and 
tube-tube spacing of nanotubes can be controlled by the preparation conditions, such as 
anodization potential, time
50
, temperature
50
 and electrolyte composition
1, 55
. The arrays 
can be disassembled in solution with sonication and then reassembled on a conducting 
electrode surface
56
. Another fabrication method of TiO2 nanotubes is using templates, 
such as Al2O3 or ZnO nanowire arrays
57
. Hydrolysis produced TiO2 is coated on the 
surface of the nanowire template. TiO2 nanotubes arrays left after removing of the 
templates. Gas-phase and liquid phase
58
 atomic layer deposition (ALD) with template-
directed method are also used to prepare well-defined and ordered nanostructures by 
enabling controlled layer by layer deposition of metal oxide onto templates. Although 
hydrothermal method is very common in nanoparticles and nanorods fabrications, it is 
not easy to fabricate nanotubes. However Chen et al
59
 reported that by using TiO2 
nanoparticles with NaOH in hydrothermal process, TiO2 nanotubes with 9 nm diameter 
formed. 
The concept of hierarchically organized materials, especially a multilevel 3D 
organization based on a host macrostructure, allows the right 3D organization necessary 
for a fast mass transport. On this host macrostructure, a secondary guest micro- and/or 
nanoscale substructure is built in order to take advantage of the properties of nanometer-
sized building blocks and micron- or submicron-sized assemblies
60
. Hierarchical 
assembly of 1D nanostructures (nanotubes, nanowires, nanorods, or nanobelts) is 
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essential for the success of bottom-up approaches toward future nanodevices
61
. The 
formation of hierarchical structure is generally considered to be a self-assembly process, 
in which building blocks, such as nanoparticles (0D), nanorods or nanotubes (1D), and 
nanosheets (2D) self-assemble into regular higher level structures. Much effort has been 
devoted to assemble TiO2 building block into 3-D ordered superstructures or complex 
functional architectures. For instance, special architectures of TiO2 nanorods, such as 
nanotrees
62, 63
, microflower
64
 or microspheres
65, 66
; branched nanostructure based on TiO2 
nanowires
67
; chestnut-like morphology with TiO2 nanopins
68
; hierarchical hollow 
microspheres assembled by TiO2 nanotubes
69
 have been successfully prepared (Figure 
1.1.6 d). To date, the most popular fabrication strategy for the hierarchical geometry is 
hydrothermal
63-69
 and the formed material performance improvements have been 
achieved for solar cell application
62, 67
, although the assembly of them into a hierarchical 
ﬁlm is still elusive. 
1.2 Model for dye-sensitized solar cell   
The shape of the I-V curve of a high efficient DSC can be usually reproduced 
quite well with the simple diode equivalence circuit model of Figure 1.2.1 corresponding 
to the following I-V equation 
0[exp( ) 1]
s s
ph
sh
V JR V JR
J J J q
nkT R
 
     
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Figure 1.2.1. Basic diode equivalent circuit model of a solar cell. 
where J and V are the output current density (A/cm
2
) and voltage (V), 
respectively.  Jph is the photocurrent density (A/cm
2
) modeled as a current source, J0 the 
reverse saturation current density (A/cm
2
) of the diode, k is the Boltzmann constant, q is 
the electron charge, T is the absolute cell temperature, n is the diode ideality factor, and 
RS and Rsh are the specific series and shunt resistances (Ω cm
2
) of the cell, respectively.  
The diode model parameters can be determined by fitting the model to a measured 
solar cell I-V curve (Figure 1.2.2).  In Figure 1.2.2, JSC is the short-circuit current density 
(A/cm
2
); VOC is the open-circuit voltage (V); FF is the fill factor. The fill factor can 
assume values between 0 and less than 1 and is defined by the ratio of the maximum 
power (Pmax) of the solar cell per unit area divided by the Voc and Jsc according to  
 
The overall solar-to-electrical energy conversion efficiency, also called the power 
conversion efficiency (PCE), for a solar cell is given by the photocurrent density 
max
SC OC
P
FF
J V


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Figure 1.2.2. I-V curve and VOC, JSC, FF and PCE . 
measured at short-circuit (Jsc), the open-circuit photovoltage (Voc), the fill factor of the 
cell (FF), and the intensity of the incident light (Pin).  
 
The maximum power is obtained as the product of the photocurrent and 
photovoltage at the voltage where the power output of the cell is maximal.  
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Abstract  
Dye-sensitized solar cells (DSSCs) were prepared by capitalizing on mesoporous 
P-25 TiO2 nanoparticle film sensitized with N719 dyes. Subjecting TiO2 nanoparticle 
films to the TiCl4 treatment, the device performance was improved. More importantly, O2 
plasma processing of TiO2 film that was not previously TiCl4-treated resulted in a lower 
efficiency; by contrast, subsequent O2 plasma exposure after the TiCl4 treatment 
markedly enhanced the power conversion efficiency, PCE of DSSCs. Remarkably, with 
TiCl4 and O2 plasma treatments, dye-sensitized TiO2 nanoparticle solar cells produced 
with 21 µm thick TiO2 film illuminated under 100 mW/cm
2
 exhibited a PCE as high as 
8.35%, twice of untreated cells of 3.86%. 
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Introduction  
Dye-sensitized solar cells (DSSCs) are widely recognized as one of the most 
promising of several alternative, cost-effective concepts for solar-to-electric energy 
conversion that has been offered to challenge conventional Si solar cells over the past two 
decades.
1
 The major components of a DSSC include an n-type semiconductor, a 
sensitizer (i.e., dye), and a redox electrolyte. A sensitizer is chemically tethered to the 
semiconductor surface by functional anchoring moieties (usually carboxyl group) to 
harvest a broad range of spectrally distributed light and transfer energy from absorbed 
photons to excite electrons. If the energy of exited electrons is sufficiently high, electrons 
will inject into the conduction band of n-type semiconductor to generate photocurrent. 
The excited electron injection produces an oxidized sensitizer, which is reduced by the 
redox couple in electrolyte at the sensitizer/electrolyte interface. The injected electrons 
return to the counter electrode through the external circuit at which they reduce the 
oxidized redox couple. The ability to promote a fast electron generation in sensitizer as 
well as a fast recovery of oxidized sensitizer, a rapid and efficient electron transport in n-
type semiconductor, and a fast recovery and diffusion of redox couple in electrolyte is the 
key to achieve high power conversion efficiency, PCE.  
TiO2 is one of the most widely used n-type large band gap semiconductor with a 
energy bandgap of 3.2 eV.
2
 Different nanostructured TiO2 have been utilized as 
photoanode to produce DSSCs, including nanoparticles,
1
 nanorods,
3-6
 nanowires,
7, 8
 and 
nanotubes.
9-17
 Notably, the highest PCE was obtained from mesoporous P-25 TiO2 
nanoparticle film (PCE = 11.20%, in which ruthenium-based dye, N719 was used as the 
sensitizer).
18, 19
 The high performance dye-sensitized P-25 TiO2 nanoparticle solar cells 
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can be attributed to the cooperative effect of anatase and rutile phases, which facilitate 
charge separation and reduce charge recombination,
6, 20-22
 and the higher surface to 
volume ratio of nanoparticle film,
5
 as compared to other nanostructures (e.g., 
nanowires
23
). To enhance the device performance, surface treatment on TiO2 
photoanodes was often performed to improve surface morphology and promote the 
interaction between sensitizer and the TiO2 surface.
11, 24
 Immersing TiO2 photoanode into 
TiCl4 solution leads to the formation of a thin TiO2 blocking layer on the photoanode 
surface to suppress charge recombination and facilitate charge transport.
3, 11
 Additionally, 
exposure to O2 plasma has been proven very effective in increasing surface hydrophilicity 
of TiO2, resulting in increased dye adsorption.
25
 In our previous study, the performance 
of dye-sensitized TiO2 nanotube solar cells was significantly improved after sequential 
TiCl4 treatment and O2 plasma exposure, and an impressive PCE of 7.37% was 
obtained.
14
  
Herein, we systematically explored the effects of TiCl4 treatment and O2 plasma 
exposure on device performance of DSSCs prepared by employing mesoporous P-25 
TiO2 nanoparticle film as photoanode sensitized with N719 dyes. TiCl4 treatment led to 
an increased PCE of DSSCs (e.g., PCE = 5.82% with a 21 µm thick TiO2 nanoparticle 
film) as compared to untreated sample (PCE = 3.86%). More importantly, O2 plasma 
processing of TiO2 film that was not previously TiCl4-treated resulted in a lower 
efficiency; by contrast, subsequent O2 plasma exposure after the TiCl4 treatment 
markedly enhanced the power conversion efficiency, PCE of DSSCs. Remarkably, with 
TiCl4 and O2 plasma treatments, dye-sensitized TiO2 nanoparticle solar cells produced 
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with 21 µm thick TiO2 film illuminated under 100 mW/cm
2
 exhibited a PCE as high as 
8.35%, twice of untreated cells of 3.86%.  
Experimental Section 
Fabrication of Solar Cells 
A 10 wt% TiO2 nanoparticle paste was prepared by mixing 1 g P-25 TiO2 
(Degussa) and 1 g poly(ethylene glycol) in 4.5 ml H2O and 4.5 ml ethanol. It was then 
deposited on a clean fluorine-doped tin oxide (FTO) glass. The FTO glass was cleaned by 
sonicating in acetone, methanol and isopropanol baths sequentially for 30 min. A number 
of 50 µm thick spacer (3M) was used to control the thickness of P-25 TiO2 nanoparticle 
film coated on the FTO glass by doctor blade method. The P-25 TiO2 nanoparticle paste 
was allowed to dry at room temperature for 15 min prior to the removal of the spacer and 
then sintered at 500°C for 2 h.  
TiCl4 solution was prepared by adding 2 ml TiCl4 into a mixture of 50 g ice and 
50 g water. Prior to dye adsorption, TiO2 nanoparticle films were immersed in TiCl4 
aqueous solution in a beaker and then kept in an oil bath at 60°C for 1 h, followed by 
rinsing with ethanol and annealed at 500
o
C in air for 30 min. The TiCl4-treated samples 
were further exposed to O2 plasma at 30 W (Harrick plasma machine) for 10 min to 
achieve best device performance according to our previous work.
14
 O2 was regulated by a 
flow meter. Subsequently, the surface-treated TiO2 nanoparticle film was immersed in a 
0.2 mM dye ethanol solution for 24 h to allow for sufficient dye adsorption. The dye used 
in the study was cis-diisothiocyanato-bis (2, 2’-bipyridyl-4, 4’-dicarboxylato) ruthenium 
(II) bis (tetra-butylammonium) (N719, Solaronix). Platinum (Pt)-coated FTO glass was 
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used as the counter electrode, prepared by placing a drop of 0.5 mM H2PtCl6 isopropanol 
solution on clean FTO glass substrate and subsequently sintered at 380°C for 30 min.  
The N719 dye-sensitized solar cells were sandwiched between the TiO2 
nanoparticle paste-coated FTO glass (anode) and the Pt-coated FTO glass (cathode) by 
applying a 25 µm thick Hot-Melt film as the spacer (SX1170-25, Solaronix), yielding a 
front side illumination mode (i.e., the incident photons directly encountered the dye-
adsorbed TiO2 nanoparticle photoanode). An ionic liquid electrolyte containing 0.60 M 
BMIM-I, 0.03 M I2, 0.50 M TBP und 0.10 M GTC in acetonitrile/valeronitrile 85/15 
(v/v) (ES-0004, purchased 
from io.li.tec, Germany) 
was injected between two 
electrodes driven by 
capillary force through 
holes on the Hot-Melt film. 
 
Characterization 
A digital optical power meter (Thor Labs Inc.) was used to measure the level of 
light emitted from a SoLux Solar Simulator. The light intensity was adjusted until 100 
mW/cm² reached the sample. A small piece of indium was mechanically pressed onto the 
conductive side of FTO glass of the TiO2 nanoparticle photoanode as well as the Pt-
coated counter electrode to increase the contact area between the FTO glass and the 
testing tips. A Keithley source meter was used to create an input voltage and measure the 
output current of DSSCs. The anode of source meter was placed on indium on the Pt-
 
 
Figure 2.1 Schematic view of the dye-sensitized solar cell 
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coated counter electrode and, correspondingly, the cathode was placed on indium on the 
photoanode. The current-voltage curves (J-V) were recorded with Keithley’s Lab Tracer 
2.0. The photoactive area for solar cells was 0.125 cm
2
. Dye loading measurement was 
conducted by immersing samples in 0.2 M NaOH solution (water/ethanol = 1/1; v/v) for 
15 min, and then measuring the absorbance of dye solution by UV-Vis absorption 
spectroscopy. 
Results and Discussion 
Figure 2.2 compares the J-V characteristics obtained from DSSCs made of two 
different thicknesses of TiO2 nanoparticle films that were treated with or without TiCl4. 
Clearly, after TiCl4 treatment, for the DSSC based on 14 µm TiO2 nanoparticle film, the 
 
Figure. 2.2 J-V characteristics of DSSCs made of different thicknesses of TiO2 
nanoparticle films (open symbols: 21 µm; and solid symbols: 14 µm) with and without 
TiCl4 treatment. The untreated and TiCl4-treated samples were represented in triangles 
and circles, respectively. 
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open circuit voltage, Voc increased from 0.769 V to 0.869 V, the short circuit current, JSC 
was almost the same (9.2 mA/cm
2 
and 9.3 mA/cm
2
 without and with TiCl4 treatments, 
respectively), the fill factor, FF changed from 41.88% to 56.58%, resulting in a large 
increase in PCE from 2.98% to 4.56% (Table 2.1). Similar tendency was observed for the 
21 µm TiO2 nanoparticle film solar cell. The PCE was readily improved from 3.86% to 
5.82% after TiCl4 treatment. 
A comparison of device performance from untreated solar cells and those treated 
solely with the O2 plasma processing showed a lowering of VOC, JSC, FF, and PCE (Table 
2.1 and Figure 2.3). After treatment, VOC decreased about 0.1 V (for example, from 0.748 
V to 0.648 V for the 21 µm TiO2 nanoparticle sample); JSC reduced almost a half (for 
 
Figure. 2.3 J-V characteristics of DSSCs made of different thicknesses of TiO2 
nanoparticle films (open symbols: 21 µm; and solid symbols: 14 µm) with and without 
treatments by O2 plasma exposure. The untreated and O2 plasma-treated samples were 
represented in circles and diamonds, respectively. 
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example, 11.6 mA/cm
2 
(untreated) versus 6.3 mA/cm
2 
(treated)). Correspondingly, FF 
decreased from 40+% to 30+%, and PCE of treated samples was lowered more than half 
of those untreated (i.e., 1.10% to 2.98% for 14 µm TiO2, and 1.51% to 3.86% for 21 µm 
TiO2, respectively). Obviously, the O2 plasma exposure alone decreased the PCE of the 
resulting DSSCs.  
Quite intriguingly, as clearly evident in Figure 2.4, a markedly improved device 
performance was achieved for TiCl4-treated DSSCs that were further processed by 
exposing to O2 plasma. The primary advantage of O2 plasma treatment represented in a 
largely increased JSC (Table 2.1). JSC went up approximately 25% from 9.3 mA/cm
2 
to 
11.7 mA/cm
2
 for 14 µm TiO2, and 12.4 to 16.4 mA/cm
2
 for 21 µm TiO2, respectively. 
The overall PCE of DSSCs produced after both TiCl4 and O2 plasma treatments was 
higher than those of solar cells with only the TiCl4 treatment. 
Table 2.1. Summary of device performance of DSSCs made of two different thicknesses 
of TiO2 nanoparticle films (i.e., 14 µm and 21 µm). 
Thickness VOC (V) JSC (mA/cm
2
) FF PCE 
14 µm; None
a
 0.769 9.2 41.88% 2.98% 
14 µm; TiCl4
b
 0.869 9.3 56.58% 4.56% 
14 µm; Plasma
c
 0.658 4.9 33.98% 1.10% 
14 µm; Both
d
 0.879 11.7 55.36% 5.70% 
21 µm; Non
e
 0.748 11.6 45.97% 3.86% 
21 µm; TiCl4 0.849 12.4 55.10% 5.82% 
21 µm; Plasma 0.648 6.3 36.98% 1.51% 
21 µm; Both 0.819 16.4 62.01% 8.35% 
a
None: no any surface treatments. 
b
TiCl4: treated by immersing in TiCl4 solution. 
c
Plasma: treated by exposing to O2 plasma. 
d
Both: sequential TiCl4 and O2 plasma 
treatments.  
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As noted in Table 2.1, TiCl4 treatment increased VOC and FF while JSC kept 
almost the same. By contrast, subsequent O2 plasma processing after TiCl4 treatment 
increased JSC by 25% while only marginally altering Voc and FF (Figure 2.4). The 
synergistic effect of TiCl4 and O2 plasma treatments led to a remarkable increase of 
approximately twice PCE comparing to untreated solar cells (i.e., 5.7% to 2.98% for 14 
µm TiO2, and 8.35% to 3.86% for 21 µm TiO2, respectively). This experimental 
observation on DSSCs made of P-25 TiO2 nanoparticles was consistent with our previous 
study on those fabricated based on TiO2 nanotubes.
14
 It is noteworthy that the efficiencies 
of DSSCs in the present study were not as high as those reported previously by Grätzel et 
al. (PCE = ~11%).
18
 This is not surprising as our DSSCs did not have a scattering layer 
on top of the TiO2 nanoparticle film and a compact block layer of TiO2 between the TiO2 
 
Figure. 2.4 J-V characteristics of DSSCs made of different thicknesses of TiO2 
nanoparticle films after surface treatments (open symbols: 21 µm; and solid symbols: 
14 µm). The TiCl4-treated and (TiCl4+O2 plasma)-treated samples were represented in 
triangles and squares, respectively. 
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nanoparticle film and the FTO glass as compared to the record DSSCs.
18
  The presence of 
a scattering layer could enhance the light harvesting
26
 and the coating of a compact block 
layer could decrease the charge recombination between the electrolyte and the FTO 
glass.
27
 The performance of our DSSCs is expected to be further improved if the 
scattering layer and block layer are applied; however, this is not the focus of the present 
investigation and will be the subject of future study.    
We now turn our attention to elucidate the effects of TiCl4 and O2 plasma 
treatments on the device performance. It is well known that structural defects and cracks 
may occur during the process of high temperature annealing of TiO2 nanoparticle 
networks.
13, 28
 Accordingly, the defects and cracks may induce a higher chance of charge 
recombination by trapping electrons at the surface of defects and cracks. With the TiCl4 
treatment, a thin blocking layer of TiO2 was deposited on the TiO2 surface,
3
 and thus 
improved the surface morphology. Consequently, the charge recombination was reduced 
and the charge transport was enhanced, thereby leading to increased Voc and FF. 
Moreover, additional O2 plasma treatment was advantageous as it increased surface 
hydrophilicity of TiO2
29
 by saturating the TiO2 surface with hydroxyl groups,
25
 which in 
turn substantially promoted the attachment of N719 dye to the TiO2 surface via the 
reaction of carboxyl moieties on N-719 surface with complementary hydroxyl groups on 
the TiO2 surface. Thus, the dye loading increased considerably after the O2 plasma 
exposure. For DSSCs, the capacity of dye loading exerts a profound influence on the 
photocurrent. The dye loading measurement by UV-Vis absorption spectroscopy revealed 
that a 21 µm thick TiCl4-treated TiO2 sample had a dye concentration of 0.148 µmol/cm
2
, 
while for (TiCl4+O2 plasma)-treated sample,  the dye concentration was 0.176 µmol/cm
2
, 
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which accounted for the 25% increase in JSC after the additional treatment with O2 plasma 
(Table 2.1). The TiCl4 treatment and O2 plasma processing collectively increased Voc, 
JSC and FF, and thus markedly enhanced PCE of dye-sensitized surface-treated TiO2 
nanoparticle solar cells. It is worth noting that without a prior TiCl4 treatment, the device 
efficiency of O2 plasma-treated samples decreased dramatically as compared to untreated, 
TiCl4-treated, and (TiCl4+O2 plasma)-treated samples. The exact reason for this 
observation was not clear. One possible reason is that oxygen plasma generated high 
electric fields during the process, which caused damages to the oxide,  thus increased the 
existence of defects and cracks on untreated TiO2 surface and created high trap density 
and degrade the bonding strength. Although the surface hydrophilicity may also be 
increased, the damages induced by oxygen plasma overcame the benefit and decreased 
the efficiency. 
 
Fig. 2.5 J-V characteristics of DSSCs made of different thicknesses of TiO2 
nanoparticle films. 
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The effect of TiO2 thickness on device performance of DSSCs was examined 
(Figure 2.5 and Table 2.2). The samples used in this phase of study were processed with 
sequential TiCl4 and O2 plasma treatments. We note that increasing thickness of TiO2 
nanoparticle film may be a good strategy to improve the performance of DSSCs. The 
thicker TiO2 active layer suggested that more dye molecules can be adsorbed, and thus a 
higher light harvesting efficiency. To this end, DSSCs with TiO2 nanoparticle film 
thicknesses of 7 µm, 14 µm, 21 µm, and 28 µm were prepared. It is not surprising that the 
thinnest TiO2 film (i.e., 7 µm) had a lowest efficiency (PCE = 3.78%). As the thickness 
increased from 7 µm to 21 µm, JSC increased from 7.8 mA/cm
2
 to 16.4 mA/cm
2
, and PCE 
increased from 3.78% to 8.35%. However, when an even thicker TiO2 nanoparticle film 
was employed (i.e., 28 µm), JSC and PCE decreased from 16.4 to 12.1 mA/cm
2
, and from 
8.35% to 6.38%, respectively. The decrease in JSC and PCE can be rationalized as 
Table 2.2 Summary of device performance of DSSCs with both TiCl4 and O2 plasma 
treatments. The thicknesses of nanoparticle films were from 7 µm to 28 µm. 
Thickness VOC (V) JSC (mA/cm
2
) FF PCE 
7 µm; Both
a
 0.889 7.8 54.63% 3.78% 
14 µm; Both 0.879 11.7 55.36% 5.70% 
21 µm; Both 0.819 16.4 62.01% 8.35% 
28 µm; Both 0.859 12.1 61.57% 6.38% 
a
 Both: sequential TiCl4 and O2 plasma treatments 
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follows. First, the increased thickness of TiO2 nanoparticle film may give rise to better 
light absorption; however, in the present front side illumination mode (i.e., light entered 
the cell through the transparent FTO glass on which TiO2 nanoparticle photoanode was 
directly deposited (see Experimental Section)), as the TiO2 nanoparticle thickness greatly 
increased, most of the photons may be absorbed by the dyes anchored on TiO2 
photoanode that was near the FTO glass (i.e., the bottom part of TiO2 nanoparticle film); 
while the dyes on the top part of nanoparticle film that was near the TiO2/electrolyte 
interface may not have enough photons to be absorbed. As a result, the advantage of thick 
film decreased with largely increased thickness. Second, thicker TiO2 film implied that 
electrons had to undergo a longer pathway before reaching the FTO glass, therefore a 
higher chance to recombine during the transport process. Finally, the thicker TiO2 film 
may hinder the electrolyte to penetrate all the way down to the bottom of TiO2 film and 
the transport of the triiodide ions in electrolyte to the Pt-coated counter electrode, and 
thus impeded the recovery of dye molecules after the injection of exited electrons to 
TiO2. Taken together, the device performance decreased with further increased 
nanoparticle thickness. 
Conclusions 
In summary, the synergy of TiCl4 treatment and O2 plasma processing on TiO2 
nanoparticle films markedly enhanced the performance of resulting DSSCs. The TiCl4 
treatment induced an improved surface morphology of TiO2 which increased Voc and FF, 
while O2 plasma treatment increased JSC by promoting the dye loading on the TiO2 
surface. However, the O2 plasma processing on the sample alone without undergoing 
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TiCl4 treatment alone lowered PCE. In stark contrast to a PCE of 3.86% from a 21 µm 
thick untreated TiO2 sample, a maximum PCE of 8.35% was achieved after sequential 
TiCl4 and O2 plasma treatments. The use of thinner or thicker TiO2 films did not yield a 
higher performance. This work reflects a great importance of rational surface engineering 
with TiCl4 and O2 plasma in producing high efficiency DSSCs. In addition to ruthenium-
based dyes, in principle, conjugated polymers and semiconductor quantum dots or rods 
can be readily utilized as alternative photo sensitizers to yield a variety of dye-sensitized 
surface-treated TiO2 nanoparticle solar cells; this is the subject of future study.  
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Abstract  
Dye-sensitized solar cells (DSSC) were prepared by capitalizing on a TiO2 bilayer 
structure composed of P-25 nanoparticles and freestanding crystalline nanotube arrays as 
photoanodes. After being subjecting to sequential TiCl4 treatment and O2 plasma 
exposure, the bilayer photoanode was sensitized with N719 dye. DSSCs based on a 20 
µm TiO2 nanoparticle film solely and a bilayer of 13µm TiO2 nanoparticles and 7µm TiO2 
nanotubes exhibited the highest power conversion efficiency, PCE of 8.02% and 7.00%, 
respectively, compared to the devices made of different TiO2 thicknesses. On the basis of 
J~V parameter analysis acquired by equivalent circuit model simulation, in comparison to 
P-25 nanoparticles, charge transport in nanotubes was found to be facilitated due to the 
presence of advantageous nanotubular structures, while photocurrent was reduced owing 
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to their small surface area, which in turn resulted in low dye loading, as well as the lack 
of cooperative effect of anatase and rutile phases. 
Introduction 
As one of the major renewable energy sources, solar energy has the potential to 
become an essential component of future global energy production. Dye sensitized solar 
cells (DSSCs)
1, 2
 are promising photovoltaic devices for low-cost, high-efficiency solar-
to-electric conversion to challenge conventional Si solar cells, which require a high-
temperature and high-vacuum vapor-deposition process. The configuration of a DSSC 
consists of a wide band gap semiconductor with a large surface area, a dye as sensitizer, 
and an electrolyte. Nanostructured TiO2 with a high surface to volume ratio is one of the 
most widely used wide band gap semiconductors (band gap, Eg = 3.2 eV). Ruthenium-
based complexes (e.g., N719 and Z907)
3, 4
 or metal-free dyes (e.g., indoline D149)
5
 are 
typically employed as photosensitizers because of their broad range of visible light 
absorption and well-matched energy levels with TiO2. An ionic liquid electrolyte 
containing iodide and triiodide redox couple is the medium of choice due to its non-
flammability, high thermal stability, low vapor pressure, and low toxicity. Acetonitrile is 
used to reduce the viscosity and  increase the diffusion rate of iodide and triiodide ions.
6
 
An overall power conversion efficient, PCE of 11.20% for a DSSC has been achieved in 
which N719 dye was adsorbed on a mesoporous nanocrystalline TiO2 particle film in an 
iodide and triiodide electrolyte dissolved in acetonitrile.
3
  
Mesoporous TiO2 nanoparticles are commonly used in DSSCs because they offer 
large surface to volume ratios, which facilitates efficient dye adsorption. However, the 
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photogenerated electrons have to transport through the network of randomly dispersed 
nanoparticles, thereby leading to increased scattering of free electrons and charge 
recombination at the grain boundaries and reducing charge mobility.
7
 Recently, one 
dimensional (1D) nanostructures, such as nanorods
7-10
, nanowires,
11-14
 and nanotubes
15-20
 
have been exploited to facilitate vectorial charge transport through the long axis of 1D 
structures.
7, 15
 Notably, most of the studies were performed with anatase TiO2 nanotubes 
obtained by electrochemical anodization of Ti foils followed by high temperature 
annealing.
17, 19, 21
 One disadvantage of TiO2 nanotubes anchored on the Ti foil is the 
opacity of the latter that prohibits the front-side illumination of DSSCs. As a result, 
photons have to enter from the backside of the device (i.e., in a backside illumination 
mode) and pass through the electrolyte, thus experiencing an absorption loss.
22
 This 
shortcoming can be eliminated by detaching the formed TiO2 nanotubes from Ti foil and 
depositing them on transparent fluorine doped tin oxide (FTO) glass to allow front-side 
illumination, forming a nanotube/nanoparticle structure.
23
 
Surface treatment of TiO2 photoanodes has been proven very beneficial in 
increasing dye loading and promoting the interaction between dyes and the TiO2 
surface.
17, 24
 Immersing a photoanode in TiCl4 solution leads to the formation of a very 
thin TiO2 extra layer on the photoanode surface. Consequently, charge recombination on 
the surface is inhibited and the dye/TiO2 interaction is thus enhanced.
8, 17
 Additionally, 
exposing a photoanode to O2 plasma saturates the TiO2 surface with hydroxyl groups, 
which in turn facilitates dye adsorption on the TiO2 surface.
25
 In our previous study,
22
 an 
impressive PCE of 7.37% was achieved with TiO2 nanotubes fabricated by anodizing 
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high purity Ti foil after sequential TiCl4 treatment and O2 plasma exposure prior to dye 
loading. 
Herein we report dye-sensitized TiO2 nanoparticle/nanotube bilayer solar cells 
and perform the equivalent circuit model simulation to analyze the results of current 
density-voltage (J-V) curves. Freestanding crystalline nanotube arrays were produced by 
a two-step potentiostatic anodization of Ti foil and readily detached from the foil and 
pasted onto transparent FTO glass using P-25 TiO2 nanoparticle paste. After being 
subjecting to sequential TiCl4 treatment and O2 plasma exposure, the bilayer photoanode 
was sensitized with N719 dye. DSSCs based on a 20 µm TiO2 nanoparticle film solely 
and a bilayer of 13µm TiO2 nanoparticles and 7µm TiO2 nanotubes exhibited highest 
power conversion efficiency, PCE of 8.02% and 7.00%, respectively. On the basis of J~V 
parameter analysis acquired by equivalent circuit model simulation, in comparison to P-
25 nanoparticles, charge transport in nanotubes was found to be facilitated due to the 
presence of advantageous nanotubular structures, while photocurrent was reduced owing 
to their small surface area,
9
 which in turn resulted in low dye loading, as well as the lack 
of cooperative effect of anatase and rutile phases.
10, 26-28
 
Experimental Section 
Freestanding TiO2 nanotube arrays were produced in two steps according to the 
work by Xu et al.
23
 First, highly ordered, vertically oriented TiO2 nanotube arrays with 
high aspect ratio of length/diameter on a Ti foil were fabricated according to our previous 
studies.
22, 29-33
 Briefly, Ti foil (Sigma-Aldrich, 0.25 mm thick, 99.7% purity) was cut into 
2.5 × 1 cm
2
 pieces and degreased by ultrasonication for 30 min in a mixture of acetone, 
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methanol and methylene chloride, followed by a thorough rinse with DI water and blow 
dried with N2. Electrochemical anodization of Ti was carried out in a two-electrode cell 
(a piece of cleaned Ti foil was attached to the anode and a piece of pure Pt foil (Sigma-
Aldrich, 0.1 mm thick) was connected to the cathode) at room temperature using EC570-
90 power source (Thermo Electron Corporation) at 60 V for several hours. Ethylene 
glycol (Fisher Scientific) was used as the electrolyte in which a small amount of 2.5 wt% 
ammonium fluoride (Sigma-Aldrich) was added. After anodization, Ti foil with TiO2 
nanotube arrays grown on one side of its surface was extensively washed with DI water 
and ethanol, then dried with N2 (the backside of Ti foil was protected with a layer of 
insulate resin to prevent oxidation during the anodization process). The TiO2 nanotube 
arrays were then annealed at 500°C for 2 h to obtain a crystalline TiO2 nanotube film. 
This annealed Ti foil was anodized again in the same electrolyte at 60 V for 0.5 h. After 
rinsing with DI water and ethanol, the anodized Ti foil was transferred to a 5% H2O2 
solution for 1 day to dissolve amorphous TiO2, thereby separating the crystalline TiO2  
nanotube arrays from Ti foil,
23
 yielding a freestanding TiO2 nanotube film. 
FTO glass (3 mm thick) was cut into 2 × 2 cm
2
 pieces and sonicated in acetone, 
methanol and isopropanol baths sequentially for 30 min. 25 nm TiO2 nanoparticles (P25, 
Degussa) and poly(ethylene glycol) were mixed with DI water and ethanol (DI water 
/ethanol = 1/1; v/v) and then stirred and sonicated overnight. A layer of TiO2 
nanoparticles was deposited on the FTO glass by doctor blade coating to serve as a paste 
for anchoring of TiO2 nanotubes. Subsequently, the freestanding TiO2 nanotube arrays 
noted above were transferred onto the TiO2 nanoparticle-coated FTO glass. The resulting 
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TiO2 nanoparticle/nanotube bilayer film on the FTO substrate was dried and annealed at 
500°C for 2 h. 
Prior to dye adsorption, the TiO2 nanoparticle/nanotube bilayer film was 
processed with TiCl4 by immersing the film in 100 ml 0.2 M TiCl4 aqueous solution in a 
beaker sealed with parafilm and kept in a 60 
o
C oil bath for 1 hr, followed by rinsing with 
ethanol and annealed at 500 
o
C in air for 30 min. The TiCl4-treated TiO2 nanotubes were 
further exposed to O2 plasma at 30 W for 10 min. The annealed film was exposed to O2 
plasma for 10 min, at which the best device performance was achieved according to our 
previous work.
22
 
The surface-treated TiO2 nanoparticle/nanotube film was immersed in a 0.2 mM 
dye ethanol solution for 24 h. The dye used in the study was cis-diisothiocyanato-bis (2, 
2’-bipyridyl-4, 4’-dicarboxylato) ruthenium (II) bis(tetra-butylammonium) (N719, 
Solaronix). Platinum (Pt)-coated FTO glass was used as the counter electrode, prepared 
by placing a drop of 0.5 
mM H2PtCl6 isopropanol 
solution on clean FTO 
glass substrate and 
subsequently sintered at 
380°C for 30 min. The 
N719 dye-sensitized solar 
cells were sandwiched 
between the FTO glass 
 
Figure 3.1 Schematic view of the dye-sensitized solar cell 
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(anode; i.e., a TiO2 nanoparticle/nanotube bilayer film on FTO glass) and the Pt-coated 
FTO glass (cathode) by applying a 25 µm thick hot-melt sealing foil as the spacer 
(SX1170-25, Solaronix). An ionic liquid electrolyte containing 0.60 M BMIM-I, 0.03 M 
I2, 0.50 M TBP und 0.10 M GTC in acetonitrile/valeronitrile 85/15 (v/v) (ES-0004, 
purchased from io.li.tec, Germany) was injected between two electrodes driven by 
capillary force through holes on the hot-melt sealing foil. 
Scanning electron microscopy (SEM) imaging was performed with a JEOL Model 
LV 5800 microscope. X-ray diffraction (XRD) was measured by Scintag Powder X-Ray 
2000. J-V curves were measured using a Keithley Model 2400 multisource meter. 
Sunlight was simulated by a solar simulator (SoLux Solar Simulator), with an 
illumination intensity of 100 mW/cm
2
, calibrated with Daystar Meter. The photoactive 
area for solar cells was 0.1 cm
2
. Dye loading measurement was conducted by immersing 
samples in 0.2 M NaOH solution (water/ethanol = 1/1; v/v) for 15 min, and then 
measuring the absorption of dye solution. 
Results and Discussion 
Figure 3.2 shows SEM images of freestanding TiO2 nanotube arrays. The average 
inner and outer diameters of nanotubes were 90 nm and 120 nm, respectively (Figure 3.2 
c). As the nanotube diameter is primarily determined by the temperature of ethylene 
glycol electrolyte,
30
 the average diameter of nanotubes was kept constant in the present 
study due to the same temperature at which nanotubes were fabricated. By adjusting 
anodization time, nanotube arrays with different thicknesses can be readily obtained at an 
average growth rate of 6~7 µm/h. 7 µm and 15 µm thick nanotube films obtained after 1 
48 
 
h and 2 h anodization are shown in Figure 3.2a and 3.2b, respectively. After the first 
anodization, these amorphous TiO2 nanotubes were annealed at 500°C for 2 h to 
transform into anatase TiO2 crystals while retaining nanotubular structures.  
A three-layer structure was yielded after the second anodization, i.e., crystalline 
anatase TiO2 nanotubes produced by the first anodization followed by subsequent high-
temperature annealing (i.e., the top layer), amorphous TiO2 nanotube formed by the 
Figure 3.2. SEM images of freestanding crystalline TiO2 nanotube arrays. (a) Cross 
sectional view; sample was obtained after anodization for 1 h; (b) Cross sectional 
view; sample was obtained after anodization for 2 h; (c) Top view; sample was 
obtained after anodization for 2 h; (d) Top view; sample was obtained after 
anodization for 2 h and then treated sequentially with TiCl4 and O2 plasma exposure. 
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second anodization (i.e., the middle layer), and Ti substrate covered by a layer of 
compact TiO2 (i.e., the bottom layer) as revealed by SEM (Figure 3.3a). The crack 
between the top and the middle nanotube layer may arise from the cross-sectional sample 
preparation as the connection between these two nanotube layers was not very strong. 
The middle amorphous TiO2 was dissolved in the H2O2 solution, separating the top 
crystalline nanotubes from the bottom Ti foil (i.e., yielding freestanding TiO2 nanotubes). 
A 50 µm thick spacer (3M) was used to control the thickness of a P-25 TiO2 nanoparticle 
layer coated on the FTO glass by doctor blade method. The variation of the concentration 
of P-25 nanoparticle paste solution resulted in different thickness of nanoparticle layers. 
In this work, the paste concentration was fixed at 10 wt% in order to form a 6~7 µm 
nanoparticle layer with one layer of spacer applied, 12~14 µm with two layers of spacer, 
and so on. The P-25 paste also served as a paste to facilitate the anchoring of freestanding 
TiO2 nanotube arrays on the FTO substrate, resulting in a TiO2 nanotube/nanoparticle 
 
Figure 3.3. SEM images of crystalline TiO2 nanotube arrays and nanoparticles. (a) 
Cross sectional view; sample was obtained after the 2nd anodization prior to the H2O2 
treatment; (b) Cross sectional view of TiO2 bilayer structure in which TiO2 nanotubes 
were attached to nanoparticles. 
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bilayer structure on the FTO glass (i.e., nanotube/nanoparticle/FTO) as shown in Figure 
3.3b. The diameter of the top nanotube layer was approximately 120 nm. The bottom was 
the nanoparticle layer. 
Figure 3.4 shows the XRD patterns of annealed TiO2 nanotube arrays on the Ti 
foil and nanoparticles on the FTO glass. The XRD pattern of annealed TiO2 nanotube 
arrays revealed that the crystallized TiO2 was pure anatase with no existence of rutile 
(Figure 3.4a). Although the rutile phase is the most stable phase for TiO2 crystals, such 
phase transition usually occurs at temperature higher than 600 °C. Notably, in the present 
study the annealing temperature was 500°C. Therefore only anatase phase appeared after 
 
Figure 3.4. XRD patterns of annealed (a) TiO2 nanotube arrays on the Ti foil and (b) 
nanoparticles on the FTO glass. Symbols A, R, T, and F denote anatase, rutile, Ti 
substrate, and FTO glass, respectively. 
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the annealing process. On the other hand, the XRD pattern of annealed TiO2 
nanoparticles showed the peaks not only for the anatase phase, but also for the rutile 
phase despite its peak intensity was not very strong (Figure 3.4b). The rutile phase was 
originated from the P-25 nanoparticles, which  was a mixture of anatase and rutile 
(anatase : rutile = 3:1
34
). The rutile phase remained even after a low temperature 
annealing. Prior to soaking with N719 dye, the TiO2 nanotube/nanoparticle bilayer was 
treated sequentially with TiCl4 and O2 plasma exposure. The TiCl4 treatment decorated 
the TiO2 nanotube with small nanoparticles as shown in Figure 3.2d, leading to a 
significant increase in PCE.
35
 The same treatments were applied to the P-25 TiO2 
nanoparticle film deposited on the FTO substrate. Subsequently, they served as 
corresponding photoanodes when assembled into DSSCs.  
Table 3.1 shows the open circuit voltage, VOC, short circuit current, ISC, fill factor, 
FF, and PCE for DSSCs made of different thicknesses of nanoparticle single layer (i.e., 
nanoparticles solely) and nanoparticle/nanotube bilayer. Clearly, the devices based on a 
20 µm TiO2 nanoparticle film solely and a bilayer of 13µm TiO2 nanoparticles and 7µm 
TiO2 nanotubes exhibited the highest power conversion efficiencies, PCE of 8.02% and 
7.00%, respectively as compared to the devices made of other different TiO2 thicknesses. 
The PCEs of DSSCs assembled with a total thickness of 20 µm (i.e., PCE = 8.02% for a 
20 µm thick nanoparticle layer, PCE = 7.00% for a bilayer of 13 µm thick nanoparticles 
and 7 µm thick nanotubes, and PCE = 6.02% for a bilayer of 6 µm thick nanoparticles 
and 14 µm thick nanotubes) were higher than those made of a lower total thickness of 13 
µm TiO2 (i.e., PCE = 5.55% for a 13 µm thick nanoparticle layer; PCE = 5.52% for a 
bilayer of 6 µm thick nanoparticles and 7 µm thick nanotubes) as well as higher than 
52 
 
those made of a higher total thickness of 26 µm TiO2 (i.e., PCE = 6.74% for a 26 µm 
thick nanoparticle layer, PCE = 5.14% for a bilayer of 20 µm thick nanoparticles and 6 
µm thick nanotubes, and PCE = 3.69% for a bilayer of 13 µm thick nanoparticles and 13 
µm thick nanotubes), suggesting that PCE was primarily governed by the total thickness 
of nanoparticle and nanotube layers. The light harvesting in thin layer is lower than that 
in thick layer due to less dye loading and the absorption length, while the electron 
transport resistance and recombination are larger in thick layer. Thus in the present study 
the optimum thickness was 20 µm. Although the nanotubular structure carried the 
advantage of promoting charge transport,
7, 15
 VOC, JSC and PCE decreased with longer 
nanotube length for photoanodes with the same total thickness, and only FF increased 
Table 3.1. VOC, JSC, FF and PCE of dye-sensitized solar cells. 
Total 
Thickness 
(µm) 
Nano-
particle 
Thickness 
(µm) 
Nanotube 
Thickness 
(µm) 
VOC 
(V) 
JSC (mA/cm
2
) FF PCE 
13 13 0 0.879 11.3 55.8% 5.55% 
13 6 7 0.818 9.4 71.8% 5.52% 
20 20 0 0.829 16.1 60.3% 8.02% 
20 13 7 0.789 14.5 61.3% 7.00% 
20 6 14 0.758 11.9 66.5% 6.02% 
26 26 0 0.859 12.8 61.3% 6.74% 
26 20 6 0.758 11.0 61.7% 5.14% 
26 13 13 0.748 7.39 67.4% 3.69% 
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(Table 3.1). Low photocurrent generation may be responsible for the decreased device 
performance in nanotube solar cells. 
To further understand these results, J~V parameter analysis was performed using 
an equivalent circuit model. The equivalent circuit of a solar cell is shown in Figure 3.5. 
The equivalent circuit mainly considered the photoanode of DSSC as the electrolyte and 
the counter electrode were the same for all the samples in the present study. According to 
Kirchhoff’s law, the relation between output current density and voltage can be written 
as: 
  [exp( ) 1]0
V JR V JR
s sJ J J q
ph nkT R
sh
 
   
                      (1) 
where J and V are the output current density (A/cm
2
) and voltage (V), 
respectively. Jph is the photo current density (A/cm
2
). Rs and Rsh are series and shunt 
resistances (Ω cm2), respectively. J0 and n are the inverse saturation current density 
(A/cm
2
) and ideality factor of diode D. T is the temperature, k is the Boltzmann constant, 
and q is the charge of electron. By fitting experimental J~V curves with Equation 1, five 
 
Figure 3.5. Equivalent circuit of a solar cell. 
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parameters (i.e., Jph, J0, n, Rs and Rsh) can be extracted. In order to yield more precise 
fitting results, an estimation of J~V parameters
36
 and a successive large perturbation 
method
37
 were used. J~V curve measurement range was extended below 0 V and to 
negative values.
36
 When the voltage was near 0 V, the diode current density (
[exp( ) 1]0
V JRsJ J qD
nkT

  ) was approximately 0.36  Moreover, Rs was usually much 
smaller than Rsh. Thus, Equation 1 can be simplified as: 
      
V JRsJ J
ph Rsh

 
                                                                 (2)                                                                  
       
J R V Vph sh
J J ph
R R Rsh s sh

  
                                        (3) 
It is a linear relationship between J and V. Thus, an estimation of Rsh can be 
obtained by fitting the J-V curve near 0 V (i.e., from the slope).
36
 Similarly, the following 
four parameters can be estimated from Equation 1 as initial values for fitting according to 
the literature.
37
 
ph scJ J
                                                                        (4) 
/
Jq SCn
kT dI dV
V Voc

                                                     (5) 
0
exp( ) 1
JSCJ
V JROC sq
nkT



                                              (6) 
0Rs                                                                                     (7) 
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These parameters were then fitted by a Newton-like iteration to minimize the 
mean square of deviation between the experimental and fitted data.
37
 The fitted parameter 
was then set to be an initial parameter for the next iteration until the difference between 
initial and fitted valued was small enough. In the successive large perturbation method,
37
 
the previously fitted parameter was largely disturbed and set to initial value. The iteration 
continued until the difference between the previously fitted parameter and newly fitted 
one with disturbed initial value was small enough.
37
 
Figure 3.6 shows the experimental (symbols) and fitted (lines) J~V curves of 
DSSCs. Obviously, all experimental curves were well fitted. The values of fitted 
parameters are shown in Table 3.2 and Table S3.1 (See Supplementary Information). 
Under the same total TiO2 thickness, as the nanotube thickness increased, Jph decreased 
from 11.4 to 9.5 mA/cm
2
 for 13 µm thick TiO2, from 16.2 to 14.5 to 11.9 mA/cm+ for 20 
µm thick TiO2, and from 12.8 to 11.0 to 7.4 mA/cm
2
 for 26 µm thick TiO2, respectively. 
Correspondingly, Rs decreased from 5.12 to 2.65 Ω cm+ for 13 µm thick TiO2, from 5.04 
to 3.26 to 1.46 Ω cm2 for 20 µm thick TiO2, and from 3.38 to 2.63 to 1.85 Ω cm
2
 for 26 
µm thick TiO2, respectively, while Rsh increased from 1590 to 2040 Ω cm
2
 for 13 µm 
thick TiO2, from 1110 to 1310 to 1890 Ω cm
2
 for 20 µm thick TiO2, and from 1280 to 
1720 to 2860 Ω cm2 for 26 µm thick TiO2, respectively (Table3. 2). 
The decreased Rs and increased Rsh signified that charge transport was facilitated 
due to the presence of nanotubes, in good agreement with experimental observations in 
the literature.
7, 15, 38
 The short and direct pathway provided by the nanotubular structures 
contributed to a lower resistance for charge transport in TiO2 nanotubes and a reduced 
chance for charge recombination with the redox couple at the TiO2/electrolyte    
56 
 
 
Figure 3.6. J~V curves of dye-sensitized solar cells. The experimental measurements 
and theoretical calculations are represented in symbols and lines, respectively. The 
total thickness, h of nanoparticles and nanotubes were (a) 13 µm, (b) 20 µm, and (c) 
26 µm, where NP and NT refer to nanoparticles and nanotubes, respectively. 
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interface.
7, 9, 12
 It is noteworthy that a decrease in Rs and an increase in Rsh were 
advantageous; however, low photocurrent, Jph in nanotube solar cells determined the 
overall device performance, leading to low VOC, JSC, and PCE (Table 3.1). The low 
performance of TiO2 nanoparticle/nanotube solar cells compared to TiO2 nanoparticle 
solar cells can be rationalized as follows. First, the dye loading on nanotubes was less 
than the nanoparticle counterpart,
38
 which in turn led to lower photogenerated current. 
Our experiments on dye loading showed that dye adsorbed on a 7 µm thick TiO2 
nanotube sample treated by TiCl4 and O2 plasma exposure was 0.08 µmol/cm
2
. By 
contrast, it was 0.10 µmol/cm
2 
for a TiO2 nanoparticle sample that had the same thickness 
and underwent the same treatments. It has been demonstrated that longer nanotubes had 
relatively lower dye loading resulting from less accessibility of nanotubes to dyes due to 
Table 3. 2. Fitted parameters of Jph, Rs and Rsh of dye-sensitized solar cells. 
Total 
Thickness 
(µm) 
Nano-particle 
Thickness 
(µm) 
Nanotube 
Thickness 
(µm) 
Jph (mA/cm
2
) 
Rs 
(Ω cm2) 
Rsh 
(Ω cm2) 
13 13 0 11.4 5.12 1590 
13 6 7 9.5 2.65 2040 
20 20 0 16.2 5.04 1110 
20 13 7 14.5 3.26 1310 
20 6 14 11.9 1.46 1890 
26 26 0 12.8 3.38 1280 
26 20 6 11.0 2.63 1720 
26 13 13 7.4 1.85 2860 
 
58 
 
one-side open nature of nanotubes.
15, 22
 In the present study, the porosity of nanoparticles 
was estimated to be 79%, while it was only 56% for nanotubes (see Supplementary 
Information). Lower porosity indicated smaller surface area available and thus less dye 
adsorptions. Both less accessibility and smaller surface area resulted lower dye loading, 
thus less photocurrent for nanotubes, comparing to nanoparticles. Second, as verified by 
the XRD measurements, TiO2 nanotubes possess pure anatase phase, while P-25 
nanoparticles are a mixture of anatase and rutile (the ratio of anatase to rutile = 3:1
34
). It 
has been shown that the charge separation efficiency in P-25 is better than single phase 
TiO2 due to the interfacial charge transfer between anatase and rutile in P-25 
nanoparticles.
10, 26-28
 Thus, larger photocurrent was generated in P-25 nanoparticles than 
that in pure anatase nanotubes. Consequently, the low photocurrent generation was 
disadvantageous and overpowered advantageous charge transport imposed by 
nanotubular structures of TiO2, thereby hindering the overall increase of PCE in TiO2 
nanotube solar cells. 
Conclusions 
Freestanding anatase TiO2 nanotube arrays were fabricated by a two-step 
electrochemical anodization. A layer of P-25 nanoparticle film coated on the FTO glass 
and a bilayer of P-25 nanoparticle/freestanding nanotube film deposited on the FTO glass 
were employed as photoanodes (i.e., P-25 nanoparticle/FTO and TiO2 nanotube/P-25 
nanoparticle/FTO), respectively, and assembled into corresponding DSSCs after treating 
by TiCl4 solution followed by exposing to O2 plasma. An optimal total thickness of 20 
µm TiO2 composed of nanoparticle and nanotube layers was found to yield the highest 
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Jsc. DSSCs based on a 20 µm TiO2 nanoparticle film solely and a bilayer of 13µm TiO2 
nanoparticles and 7µm TiO2 nanotubes exhibited the highest power conversion 
efficiency, PCE of 8.02% and 7.00%, respectively. The J~V parameter analysis acquired 
by equivalent circuit model simulation revealed that on one hand, nanotubular structures 
were advantageous and imparted better charge transport in nanotubes. However, on the 
other hand, the photocurrent generation was reduced owing to the less accessibility of 
nanotubes to dyes due to the one-side open nature of nanotubes and their small surface 
area, which in turn resulted in low dye loading, as well as the lack of cooperative effect 
of anatase and rutile phases as in P-25 nanoparticles. Although the PCE of dye-sensitized 
TiO2 nanoparticle/nanotube bilayer solar cells do not exceed the TiO2 nanoparticle 
counterpart, the advantage and disadvantage of the nanoparticle/nanotube structure were 
thoroughly elaborated. Same results may be expected for a reversed order of 
nanotube/nanoparticle structure bilayer solar cell. The nanotubes facilitate the charge 
transport and inhibit the recombination, leading to the possibility of higher performance 
DSSC. Future work focusing on increasing the surface area of nanotubes and dye loading 
to improve PCE is currently underway. 
Supporting Information 
The weight percentage of TiO2 in the TiO2 nanoparticle paste is 10%. There are 1 
g of TiO2, 1 g of poly(ethylene glycol), 4,44 g water and 3.56 g ethanol in 10 g solution. 
The volume of the solution is approximately 10 ml. Therefore the density of the paste is 1 
g/cm
3
, then the volume fraction of TiO2 is 
3
3
1 g/cm
10% 2.52%
3.97 g/cm
  , where 3.97 g/cm3 
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is the density of P-25 TiO2 (75 % of anatase and 25 % of rutile, 75% x 3.88 + 25% x 4.23 
= 3.97 g/cm
3 
The height of paste before drying is equal to the thickness of spacer, i.e. 50 µm. 
After drying, the thickness of TiO2 nanoparticle layer decreased to approximately 6 µm. 
This volume is 12% of the original volume (i.e., 6/50 = 12%). Therefore, the volume 
fraction of TiO2 in the dried layer is 2.52% /12% 21% . So the porosity of TiO2 
nanoparticle film is about 100% 21% 79%  . 
 
Figure S3.1 Cross section of nanotube 
 
 
do 
di 
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According to the SEM results, the nanotube has an outer diameter of 120 nm and 
an inner diameter of 90 nm. Assuming the nanotube is a nanocylinder. The total volume 
of nanocylinder is 
2
4
o
total
d
V h   . The volume of TiO2 wall is 
2
2 2
4
o i
TiO
d d
V h

   . 
Then the volume fraction of TiO2 is 
2
2 2 2
2 2
90
1 0.44
120
TiO o i
total o
V d d
V d

    . Therefore, the 
porosity of TiO2 nanotube film is about 100% 44% 56%  . 
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Abstract  
Chemical bath deposition (CBD) method was used to fabricate ZnO nanoflowers.  
Various conditions of precursor concentration, precursor amount and reaction time were 
investigated to reveal the quality of the CBD ZnO nanoflowers. These ZnO nanoflowers 
were then converted to TiO2 nanoflowers with hollow structures. Dye-sensitized solar 
cells (DSSCs) were prepared by capitalizing on ZnO or TiO2 nanoflowers film sensitized 
with N719 dyes. And TiO2 nanoflower films were treated with TiCl4 to improve the 
device performance. Dye-sensitized ZnO and TiO2 nanoflower solar cells illuminated 
under 100 mW/cm
2
 exhibited a power conversion efficiency of 1.16 % and 2.73 %, 
respectively.  
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Introduction 
Dye sensitized solar cells (DSSCs) have attracted the most attention worldwide in 
the field of photovoltaics since O’ Regan and Grätzel announced their TiO2 nanoparticle-
based photovoltaic cell in 1991 with a conversion yield of 7.1%
1
. The major advantages 
of DSSCs are their characteristics of low cost and ease of fabrication comparing to Si-
based solar cells and other semiconductor thin film solar cells
2, 3
.  
ZnO is well known for its semiconducting, optical, piezoelectric, and pyroelectric 
properties
2
. The applications of ZnO include sensors, biomedical, optoelectrics, or 
electrochemical system
2, 4, 5
. Notably, its controllable nanosize provides remarkably 
enhanced optical, chemical, electrical, and mechanical properties in these devices 
composed of ZnO
6
, which helps us broadly explore and understand each synthesis and 
fabrication process of photovoltaics. In this study, the new generation solar cell – dye-
sensitized solar cells (DSSC) will be mainly focus discussed as one of the ZnO 
applications. 
ZnO nanostructures are employed as the photoanode on the substrate due to the 
large surface area
7
. In addition to nanoporous film with significantly large surface area
8
, 
various of different nanostructures are synthesized and published in recent years, such as 
one-dimensional structures which are favorable for electron transport because of their 
direct conduction path way such as nanowires (NW), nanorods (NR), and nanotubes 
(NW),  and two-dimensional structures, like nanoplates, nanosheets, or some other 
similar planer structures. Recently, three-dimensional framework such as tetrapods by 
nanotips, nanodendrite (composed of trunks and branches), and nanoflowers (composed 
of several stretched out nanorods)
9
are under investigation. Three-dimensional structures 
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have enhanced surface area for more dye loading and light harvest; meanwhile the 
superiority of direct conduction pathway from one-dimensional nanostructures is 
maintained
5
.  
Diverse synthesis methods are kept developing to date for various nanostructures. 
Traditional synthesize methods include sol-gel, electrostatic spray deposition technique 
(ESD), electrochemical deposition fabrication, chemical bath deposition (CBD), and 
hydrothermal (HT) synthesis, etc
3
. The advantage of ZnO synthesis comparing to TiO2 is 
that ZnO can be synthesized via a wide range of synthesis techniques, and a tremendous 
variety of different morphologies and nanoframeworks can be progressively obtained.  
The most important reason for chemical bath deposition (CBD) to be developed is 
the instability of hydrothermal synthesis
10
. In recent years, more and more researches and 
investigation have been focused on hierarchical ZnO nanostructure by CBD. Compared 
to hydrothermal synthesis, the advantage of CBD is its easy achievable synthesis 
conditions such as lower temperature (80 
o
C ~ 90 
o
C) and environmental pressure, which 
makes the experimental results more stable and lower fabrication cost. In addition, due to 
the facility limitation, it is easier to synthesize a large amount of ZnO thin film deposited 
on the FTO glass by CBD than by hydrothermal process. This is good for device 
fabrication and efficiency measurement for saving a lot of time
7, 11, 12
. As controlled 
precipitation or simply chemical deposition, CBD is an easy large production approach 
frequently used for synthesizing oxide thin films from solution onto a substrate. The 
crystal structure of ZnO formed by chemical bath deposition is wurtzite structure with a 
favorable growing direction [0001] with the lowest energy, and a space between two 
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(0001) planes of approximately 0.52nm, which is reported on several published papers
4, 5, 
13-16
. 
The development of ZnO in dye-sensitized solar cells could go back to the work 
reported by Gerisher 
2
 et al in 1969, applying a single crystalline ZnO as the electrode. 
Since then, a lot of attempts on related work to improve the solar cells’ efficiency and in-
depth research have been observed. To date, the highest performance obtained by ZnO 
photoanode reached 7.2% with single crystalline nanoporous framework due to that the 
nanoporosity is the exact range of nanosize suitable for dye absorption, which hence 
offers an ideal oxide-dye reaction. In addition to the one with highest performance, 1.9% 
is obtained by nanoflowers and 3.9% is obtained by nanosheets, etc
3
. The main advantage 
of ZnO as a photoanode deposited on TCO substrate in responsible for electron 
transportation is its high electron mobility compared to TiO2. The high electron mobility 
of ZnO makes it favorable for electron transport with reduced recombination loss and 
enhanced electron lifetime, followed by longer diffusion length. These advantages make 
ZnO as the most promising alternative to TiO2
17
. In addition, ZnO has a direct wide band 
gap (3.37 eV)
18
 and similar position of band edge comparing to TiO2. During the 
chemical synthesis process for ZnO, ease of crystallization and anisotropic growth make 
the synthesis become easy and facile. ZnO’s high crystallinity is also good for electron 
transport.    
Although there are lots of advantages for ZnO addressed above, the world record 
highest efficiency is made by TiO2, not ZnO. Many complicated problems exist in this 
issue, which relate to electron dynamics of the relative energy position between the 
semiconductor film, dye, and electrolyte. A well-known difficulty of ZnO photoanode is 
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its instability in acidic and basic condition, which means Zn can be dissolved in the 
commonly used dye, N719, and then the complex Zn
2+
 / dye will be formed
7
. Researchers 
suggested that this complex could be formed right after the immersion of ZnO in N719 
for 10 minutes
19
. Compared to TiO2, existence of Zn
2+
 / dye complex could agglomerate 
to form a thick covering layer instead of monolayer and this obstruction may be one of 
the reasons for poor electron injection with ZnO for the photoanode
20
. To date, a new 
trial for sensitizing ZnO is to use D149 dye
21, 22
, which can prevent the formation of Zn
2+
 
/ dye complex. Among all the synthesis method for TiO2, there is one called “template-
assisted”, which attracted more attention to date. This template assisted method has been 
extensively investigated for one dimensional TiO2 nanotubes. The same deposition 
method can be applied for hierarchical structure.  
In this study, the two most promising metal oxide materials for dye-sensitized 
solar cells, ZnO and TiO2, will be discussed about their properties in dye sensitized solar 
cells, and the relationship between their different structures. Chemical bath deposition of 
ZnO will be integrated investigated with their influence parameters are included. We also 
presented the TiO2 conversion with ZnO as a template. The templates assisted method 
has a great advantage of its controllable morphology based on the morphology of ZnO. 
Comparing to the frequently used method – anodization for TiO2 nanotubes, templates 
assisted method by ZnO is faster and less cost. The TiO2 hierarchical structures can be 
directly obtained by coating TiO2 on the wall of hierarchical ZnO nanorods and 
simultaneously dissolving ZnO. It is also an environmental friendly method due to room 
temperature and one atmosphere needed, and no any other specific synthesis condition is 
required.  
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Experimental Section 
To date, the most frequently represented CBD mechanism is from chemical 
reaction, instead of another much more controversial viewpoint, which is from the 
diffusion aspect of charged ions (Zn
2+
 and O
2-
) and their growth rate on different planes. 
The precursors used here for CBD are zinc nitrite (Zn(NO3)2), hexamethylenetetramine 
(hexamine, HMTA) and NH3
23, 24
. The chemical reactions of  CBD are
12, 13
. 
(CH2)6N4 + 6H2O ↔ 4NH3 + 6HCHO                   (1) 
NH3 + H2O ↔ NH3 ∙ H2O ↔NH4+ + OH
- 
             (2) 
Zn
2+
 + 2OH
-
 ↔ Zn(OH)2 ↔ ZnO + H2O                (3) 
(CH2)6N4 is the molecule formula of HMTA, a heterocyclic organic compound, 
has white crystallites with highly soluble in water and polar organic solvents. For 
equation (1), HMTA is hydrolyzed into NH3 and an organic compound, formaldehyde 
(HCHO). The formed NH3 as well as the NH3 added in the experiment provides OH
- 
in 
the solution. This OH
- 
and Zn
2+
 from the precursor Zn(NO3)2 make ZnO precipitation on 
the FTO substrate.. HMTA can be taken as a buffer layer to be hydrolyzed and provide 
NH3, and then NH3 offers a basic environment, assisting the formation of ZnO. CBD was 
fixed at the same temperature in the oven (80 
o
C ~ 90 
o
C) and under one atmosphere. The 
Zn
2+
 concentration and HMTA concentration had been changed from 12.5 mM to 37.5 
mM. The effect of the amount of the total precursors was also investigated.  
To convert ZnO into TiO2, we followed the work reported on chemistry materials 
2010 by Xu et al
25
. Then the FTO substrate with ZnO nanoflowers were immersed in a 
solution composed of 0.075 M ammonium fluorotitanate ((NH4)2TiCl6) and 0.2 M boric 
acid (H3BO3) at room temperature to deposit TiO2 and dissolve ZnO simultaneously. The 
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following three chemical equations can easily explain the process of the reaction and the 
function of (NH4)2TiCl6 and H3BO3 during the liquid phase deposition
25-27
. 
TiF6
2-
 + 2H2O ↔ TiO2(S) + 4HF + 2F
-  
                       (4) 
H3BO3 + 4HF ↔ BF
4-
 + 3H2O + H
+                  
               (5) 
ZnO + 2H
+
 ↔ Zn2+ + H2O                                          (6) 
TiO2 is deposited by the hydrolysis of Ti-fluoro complex ion in equation (4). 
Another product – HF and added H3BO3 moves the reaction towards right in equation (5) 
and the acidic solution dissolve ZnO simultaneously as can be seen in equation (6). The 
immersion time for TiO2 conversion was changed from 15 minutes to 2 hour in this work, 
followed by 2 hour annealing at 500
o
C
 
for crystallization to anatase from amorphous.  
To make a controlled DSSC with nanoparticle TiO2, a 10 wt% TiO2 nanoparticle 
paste was prepared by mixing 1 g P-25 TiO2 (Degussa) and 1 g poly(ethylene glycol) in 
4.5 ml H2O and 4.5 ml ethanol. It was then deposited on a clean fluorine-doped tin oxide 
(FTO) glass. The FTO glass was cleaned by sonicating in acetone, methanol and 
isopropanol baths sequentially for 30 min. A number of 50 µm thick spacer (3M) was 
used to control the thickness of P-25 TiO2 nanoparticle film coated on the FTO glass by 
doctor blade method. The P-25 TiO2 nanoparticle paste was allowed to dry at room 
temperature for 15 min prior to the removal of the spacer and then sintered at 500°C for 2 
h.  
TiCl4 solution was prepared by adding 2 ml TiCl4 into a mixture of 50 g ice and 
50 g water. Prior to dye adsorption, TiO2 nanoparticle films or nanoflower films were 
immersed in TiCl4 aqueous solution in a beaker and then kept in an oil bath at 60°C for 1 
h, followed by rinsing with ethanol and annealed at 500
o
C in air for 30 min. 
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Subsequently, the surface-treated TiO2 nanostructure films were immersed in a 0.2 mM 
dye ethanol solution for 24 h to allow for sufficient dye adsorption. The dye used in the 
study was cis-diisothiocyanato-bis (2, 2’-bipyridyl-4, 4’-dicarboxylato) ruthenium (II) bis 
(tetra-butylammonium) (N719, Solaronix). Platinum (Pt)-coated FTO glass was used as 
the counter electrode, prepared by placing a drop of 0.5 mM H2PtCl6 isopropanol solution 
on clean FTO glass substrate and subsequently sintered at 380°C for 30 min.  
The N719 dye-sensitized solar cells were sandwiched between the TiO2 
nanoparticle paste-coated FTO glass (anode) and the Pt-coated FTO glass (cathode) by 
applying a 25 µm thick Hot-Melt film as the spacer (SX1170-25, Solaronix), yielding a 
front side illumination mode (i.e., the incident photons directly encountered the dye-
adsorbed TiO2 nanoparticle photoanode). An ionic liquid electrolyte containing 0.60 M 
BMIM-I, 0.03 M I2, 0.50 M TBP und 0.10 M GTC in acetonitrile/valeronitrile 85/15 
(v/v) (ES-0004, purchased from io.li.tec, Germany) was injected between two electrodes 
driven by capillary force through holes on the Hot-Melt film. 
A digital optical power meter (Thor Labs Inc.) was used to measure the level of 
light emitted from a SoLux Solar Simulator. The light intensity was adjusted until 100 
mW/cm² reached the sample. A small piece of indium was mechanically pressed onto the 
conductive side of FTO glass of the TiO2 nanoparticle photoanode as well as the Pt-
coated counter electrode to increase the contact area between the FTO glass and the 
testing tips. A Keithley source meter was used to create an input voltage and measure the 
output current of DSSCs. The anode of source meter was placed on indium on the Pt-
coated counter electrode and, correspondingly, the cathode was placed on indium on the 
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photoanode. The current-voltage curves (J-V) were recorded with Keithley’s Lab Tracer 
2.0. The photoactive area for solar cells was 0.125 cm
2
. 
Results and Discussion 
Figure 4.1 shows the SEM image of the fabricated ZnO nanoflowers structure. 
The nanoflowers can be seen as an agglomeration of nanorods of approximately 3 µm in 
length. Cross section view of the nanoflowers film revealed that the thickness of the film 
is about 45 µm. To further increase the crystallinity and the connections between the 
nanoflowers, the ZnO nanoflowers were sintered at 450 °C for 1 hour. Figure 4.2 shows 
 
 
Figure 4.1 SEM image of ZnO nanoflowers via CBD method. (a) and (b) are the top 
view of the nanoflowers. (c) and (d) are the cross section view of ZnO nanoflowers. 
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the SEM image of ZnO nanoflowers after sintering. The morphology of the ZnO 
nanoflowers are as same as that without sintering, thus the sintering process did not 
damage the nanoflower structure. EDS results showed that the atom ratio of Zn and O is 
52% and 48%, respectively. 
To understand process of formation of CBD ZnO nanoflowers, a series of ZnO 
nanoflower images were taken with increasing reaction time, as shown in Figure 4.3. At 
the beginning of the reaction, the solution became muddy within 30 minutes because of 
the formation of Zn(OH)2. However at this time, most of the ZnO did not precipitate. As 
the reaction time increasing, more ZnO nanostructures were formed and the size of the 
ZnO nanostructures are increasing, thus more and more ZnO nanoflowers start to deposit 
on the FTO glass. After 2 hours, 1 to 2 layers of ZnO nanoflowers are deposited on the 
FTO glass. The thickness of the ZnO nanoflower film is about 7 µm. The thickness of the 
ZnO nanoflower film kept increasing to 17 µm after 3 hours reaction. However no further 
increase was observed for longer reaction time till 24 hours. The reason is that all the 
ZnO nanofilms were precipitated on the FTO glass and the solution became completely 
clear. Thus, by changing the amount of the precursor or the concentration of the precursor 
 
 
Figure 4.2 SEM image of ZnO nanoflowers sintered at 450 °C. 
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4  
 
 
Figure 4.3 SEM image of ZnO nanoflowers with different reaction time. 
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we may have chance to adjust the thickness of the ZnO nanoflowers films. Figure 
4.4 indicates the change of thickness with precursor concentration and Figure 4.5 shows 
the effect on thickness with precursor amount. The thickness of the ZnO nanoflowers 
film increases from 2.5 µm to 15 µm and 22 µm, while the concentration of ZnO 
precursor increases from 12.5 mM to 25 mM and 37.5 mM, respectively. And the 
thickness of ZnO film changed from from15 µm to 34 µm and 56 µm when the total 
amount of the precursor solution increased from 20 mL to 40 mL and 60 mL, 
respectively. 
To convert ZnO nanoflowers to TiO2 nanoflowers, ZnO nanoflowers were 
immersed into 0.075 M ammonium fluorotitanate ((NH4)2TiCl6) and 0.2 M boric acid 
 
 
Figure 4.4 SEM image of ZnO nanoflowers with different precursor concentration. 
 
 
Figure 4.5 SEM image of ZnO nanoflowers with different precursor amount. 
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(H3BO3) solution. As shown in Figure 4.6, the ZnO nanoflowers were completely 
removed after immersion for 2 hours. And the thickness of the film is kept at 45 µm. 
Figure 4.6 b showed that the TiO2 nanoflower is hollow. The effect of immersing time 
was investigated with EDS. At beginning, all the components are ZnO. After 15 minutes 
immersion, the atom percentage of Zn is 25% and that of Ti is 8%, therefore 24% of ZnO 
was converted to TiO2. After 30 minutes immersion, the atom percentage of Zn is 24% 
and that of Ti is 11%, therefore 32% of ZnO was converted to TiO2. While after 1 hour 
immersion, the atom percentage of Zn is only 3% and that of Ti is 24%, therefore 90% of 
ZnO was converted to TiO2. After 2 hours immersion, the atom percentage of Zn is 2% 
 
 
Figure 4.6 SEM images of TiO2 nanoflowers converted by ZnO. (a) and (b) are the 
top view of the nanoflowers. (c) and (d) are the cross section view of the nanoflowers. 
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and that of Ti is 28%, therefore 93% of ZnO was converted to TiO2. Further immersion  
time did not significantly increase the TiO2 ratio to near 100%. The reason may due to 
some residue ZnO are fully covered with TiO2 thus prevent the further dissolvation by 
boric acid. From EDS result, the newly converted TiO2 samples contained 20% of F 
atoms. To fully remove those F atoms and also crystallize the TiO2 nanoflowers, we 
sintered the TiO2 nanoflowers at 500 °C for 2 hours. No F signal was found after 
sintering, indicates that all F atoms were removed. To further increase the performance of 
the DSSC, TiCl4 was used. Figure 4.7 showed the sintered TiO2 nanoflowers and TiCl4 
treated nanoflowers. Small TiO2 nanoparticles can be found at the surface of the 
nanoflowers after TiCl4 treatment. Those nanoparticles may have chance to further 
increase the performance of the solar cell due to increasing the surface area for dye 
adsorption.  
 
Table 6.1 Performance of  nanoparticle and nanoflower ZnO and TiO2 DSSCs 
 
Material Structure TiCl4 Sintered 
Voc 
(V) 
Jsc 
(mA/cm
-2
) 
FF PCE 
TiO2 NP Y Y 0.77 11.6 57.6% 5.16% 
TiO2 NP N Y 0.69 11.5 56.0% 4.41% 
ZnO NF N N 0.81 2.41 36.0% 0.70% 
ZnO NF N Y 0.70 4.76 34.9% 1.16% 
TiO2 NF Y Y 0.76 7.96 45.25% 2.73% 
 
79 
 
Table 6.1 showed the performance of the nanoparticle and nanoflower TiO2 and 
ZnO DSSCs. Nanoflower ZnO DSSCs had a PCE of 0.70% before sintering and 1.16% 
after sintering. The VOC of the nanoflower ZnO DSSCs are 0.81 V and 0.70 V for before 
and after sintering, respectively, which is comparable with nanoparticle TiO2 DSSCs. 
However their Jsc are much lower than nanoparticle TiO2 DSSCs. After sintering the 
current density double for nanoflower ZnO DSSCs, due to the increase of connections, 
however still not as high as nanoparticle TiO2 DSSCs. After converted to TiO2 and 
treated with TiCl4, the current density of the DSSC further increased, although not as 
high as nanoparticle TiO2 DSSCs. Low surface area of the nanoflower structure, i.e. low 
 
 
Figure 4.7 SEM images of TiO2 nanoflowers converted by ZnO. (a) and (b) are the 
top view of the nanoflowers after sintering. (c) and (d) are the top view of the 
nanoflowers after TiCl4 treatment. 
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dye loading, is the reason of the low current density, and the low PCE. 
Conclusions 
Chemical bath deposition (CBD) method was used to fabricate ZnO nanoflowers.  
Various conditions of precursor concentration, precursor amount and reaction time were 
investigated to reveal the quality of the CBD ZnO nanoflowers. These ZnO nanoflowers 
were then converted to TiO2 nanoflowers with hollow structures. Dye-sensitized solar 
cells (DSSCs) were prepared by capitalizing on ZnO or TiO2 nanoflowers film sensitized 
with N719 dyes. And TiO2 nanoflower films were treated with TiCl4 to improve the 
device performance. Dye-sensitized ZnO and TiO2 nanoflower solar cells illuminated 
under 100 mW/cm
2
 exhibited a power conversion efficiency of 1.16 % and 2.73 %, 
respectively. The reason of the low performance of nanoflower structures comparing to 
nanoparticle structures is the low surface area. Further investigation to increase the 
surface area of the nanoflower structure is necessary to get high performance DSSCs. 
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Abstract 
Earth abundant, environmentally friendly quaternary chalcogenide semiconductor 
copper zinc tin sulfide (CZTS) was exploited, for the first time, as an effective counter 
electrode (CE) material to replace the expensive noble metal platinum (Pt), yielding low-
cost, high-efficiency dye-sensitized solar cells (DSSCs). CZTS nanocrystals were 
synthesized by hot-injection method and spin-coated on FTO glass. After selenization of 
the CZTS, the PCE of the resulting DSSC was comparable to the device with Pt CE. 
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Introduction 
Dye sensitized solar cells (DSSCs) are among the most promising photovoltaic 
devices for low-cost light-to-energy conversion with relatively high efficiency.
1-7
 A 
typical DSSC consists of three key components: a dye-sensitized semiconductor 
photoanode, an electrolyte with a redox couple (triiodide/iodide), and a counter electrode 
(CE). Upon photoexcitation, electrons generated from photoexcited dyes are injected into 
the conduction band of photoanode composed of TiO2 and the dyes are regenerated by 
hole-injection into the electrolyte. Oxidized ions (i.e., triiodide) in the electrolyte then 
diffuse to the CE and are finally reduced to iodide at the surface of the CE. An ideal CE 
should possess high electrocatalytic activity for the reduction of charge carriers in 
electrolyte as well as high conductivity. To date, the most commonly used CE is fluorine 
doped tin oxide (FTO) glass coated with a thin layer of noble metal platinum (Pt). 
However, as a noble metal, the low abundance (0.0037 ppm) and high cost ($50/gram) 
hinder Pt from being used for large-scale manufacturing.
8
  
In this context, considerable efforts have been made to replace Pt with earth-
abundant low-cost alternatives, including  carbon-based materials (e.g., carbon nanotube, 
carbon black, and graphite),
9, 10
 conjugated polymers,
8, 11
 and inorganic materials as CEs. 
In comparison to carbon materials and polymers, inorganic compounds carry many 
advantageous characteristics, for example, simple preparation and a diversity of materials 
that can be used.
12
 In recent years, a variety of binary metal oxide,
13
 metal sulfide,
14, 15
 
metal nitride
10, 16-18
 and metal carbide
12
 have been developed as CEs. To the best of our 
knowledge, the use of earth-abundant ternary or quaternary materials as potential 
substitutes for Pt as low-cost CEs has not yet been explored. 
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A quaternary chalcogenide semiconductor, copper zinc tin sulfide (hereafter 
referred to as CZTS), is most widely known as one of the most promising photovoltaic 
(PV) materials and is widely used in thin film solar cells.
8, 19
 Notably, CZTS is composed 
of naturally abundant elements in the Earth’s crust and has very low toxicity (i.e., it is 
environmentally friendly compared to two high-efficiency thin film solar cells, CdTe and 
Cu(In1-x,Gax)S2 (CIGS) that have toxic elements (i.e., Cd) and rare metals (i.e., indium 
(In) and gallium (Ga)).
19
 Recently, high efficiency thin film solar cells have been 
demonstrated based on the superior PV performance of CZTS as a p-type semiconductor 
due to its direct band gap of 1.5 eV and a large absorption coefficient (>104 cm
-1
).
20-22
 
However, no studies have centered on the electrocatalytic activity of CZTS for use in 
DSSCs  
 
Figure 5.1.  Schematic view of CZTSSe as a counter electrode of  DSSC. 
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. Herein, we report, for the first time, that CZTS can be exploited as an effective 
CE material to replace expensive Pt, yielding a low-cost, high-efficiency DSSC in which 
the reduction of triiodide to iodide was electrocatalyzed by CZTS. It is noteworthy that a 
power conversion efficiency, PCE of 7.37% was achieved by a simple process of spin-
coating CZTS followed by selenization.
23
 This efficiency was highly comparable to the 
 
Figure 5.2.  (a) STEM image of CZTS nanocrystals. (b) High resolution STEM 
image; a nanocrystal was imaged along the [ 10] crystallographic axis. Cross-sectional 
FESEM images of (c) spin-coated CZTS film after selenization (i.e., CZTSSe) and (d) 
drop-cast CZTS film after selenization (i.e., CZTSSe) on FTO-coated glass, 
respectively. 
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DSSC prepared by utilizing Pt (PCE = 7.04%) as the CE under the same device 
configuration. 
Results and Discussion 
We employed a solution-base synthesis approach to prepare CZTS nanocrystals.
24
 
Specifically, copper, zinc and tin precursors dissolved in oleylamine (OLA) were purified 
at 130°C and heated to 225°C in argon (Ar). Subsequently, a sulfur solution was rapidly 
injected and stirred at 225°C for 1 h. The product was centrifuged with toluene and 
isopropanol to yield CZTS nanoparticles (see Experimental Section). Figure 5.2 (a) and 
(b) show scanning transmission electron microscope (STEM) images of CZTS 
nanoparticles. The nanoparticle diameter was approximately 156 nm and the lattice 
constant was 0.31 nm, corresponding to the (112) plane, which was consistent with the 
XRD result (Figure S5.1).
25
 It is worth noting that compared to conventional costly and 
low-throughput high vacuum sputtering and vapor deposition of CZTS, the ability to 
produce a CZTS nanocrystal dispersion (i.e., a nanocrystal “ink”) that can be sprayed and 
coated on surface and  then thermally annealed into larger-grain thin film would 
substantially lower the manufacturing cost and render high-throughput solar cell 
production.
22, 24-27
 The CZTS ink was then either spin-coated or drop-cast onto the clean 
FTO glass and sintered at 540°C for 1 h in selenium (Se) vapor. The morphologies of 
resulting CZTS films after sintering in Se vapor were shown in Figure 5.2c-d. The 
thickness of the CZTS layer was approximately 180 nm for the spin-coated sample and 
2.3 µm for the drop-cast sample, respectively. Cracks were clearly evident on the drop-
cast sample sintered in Se vapor due to the stress induced during the solvent evaporation 
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Figure 5.3. Photocurrent-voltage characteristics of DSSCs using CZTS or Pt films as 
CEs. (a) As-prepared CZTS by spin coating but without sintering (blue curve) and 
spin-coated CZTS film after selenization (i.e., CZTSSe; black curve), respectively. (b) 
spin-coated CZTS film after selenization (i.e., CZTSSe; black curve), drop-cast CZTS 
film after selenization (i.e., CZTSSe; pink curve), and Pt film (green curve).  
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(Figure S5.2b). The compositions of CZTS nanocrystals before and after treatment with 
Se vapor (i.e., selenization; yielding CZTSSe) were Cu1.51Zn1.00Sn1.45S3.61 and 
Cu1.49Zn1.00Sn1.51S0.85Se4.78, respectively, as determined by energy dispersive X-ray 
spectroscopy (EDS) (Figure S5.3). The excess amount of Se may originate from the 
deposition of elemental Se during the selenization process.  
A 16 µm thick TiO2 nanoparticle layer was deposited on FTO glass by doctor 
blade coating, followed by a TiCl4 treatment and exposure to O2 plasma. Subsequently, 
the TiO2 nanoparticle photoanode was sensitized with N719 dyes. The CZTS-coated or 
CZTSSe-coated FTO substrate served as CE was assembled together with dye-sensitized 
TiO2 photoanode by applying a 60 μm thick hot-melt sealed film as the spacer. The 
iodide/triiodide ionic liquid electrolyte (ES-004) was then injected between two 
electrodes and driven by capillary force (see Experimental Section). 
Figure 5.3 and Table 5.1 compare the performance of several N719 dye-sensitized 
Table 5.1. Photovoltaic performance of DSSCs with different counter electrodes 
Counter 
Electrodes 
Samples 
V
OC
 
(V) 
J
SC
 
(mA/cm
2
) 
FF PCE 
Rs 
(Ω) 
Rct  
(Ω) 
CPE 
(µF) 
(a) CZTS 
SC
[i]
; As-
prepared
[ii]
 
0.84 10.7 40.3% 3.62% 23.2 2.8 1.9 
(b) 
CZTSSe 
SC; Selenized
[iii]
 0.80 17.7 52.2% 7.37% 16.8 1.6 14.7 
(c) CZTSSe 
DC
[iv]
; 
Selenized 
0.80 10.6 47.9% 4.07% 24.9 4.9 4.6 
(d) Pt Sintered in Air 0.81 15.4 56.8% 7.04% 15.3 7.7 3.6 
[i] SC: spin-coating. [ii] As-prepared: no sintering and selenization. [iii] Selenized: in Se 
vapour. [iv] DC: drop-casting. 
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solar cells with the same ionic liquid electrolyte but different CEs. Clearly, when spin-
coated CZTS sintered in Se vapor (i.e., forming CZTSSe) was employed as the CE, a 
highest PCE of 7.37% was yielded (black curve in Figure 5.3 and sample b in Table 5.1). 
The photocurrent density, JSC increased significantly after sintering process, from 10.7 
mA/cm
2
 in as-prepared sample a (blue curve in Figure 5.3a) to 17.7 mA/cm
2
 in the 
selenized sample b. The CZTS nanocrystals directly after spin coating were covered with 
a layer of organic ligands (OLA) as revealed by SEM (Figure S5.5a). This organic layer 
hindered the charge transport within the CZTS film and the redox reaction of 
triiodide/iodide on the CZTS surface. After sintering at 540°C, the organic ligand was 
removed as evidenced by TGA analysis and SEM measurements (Figures S5.4 and 
S5.5b). As a result, JSC increased more than 50 %. In stark contrast to sample c in which 
the CZTS CE was prepared by drop-casting followed by selenization (i.e., forming 
CZTSSe) (pink curve in Figure 5.3b), the spin-coated samples (samples b) exhibited 
larger JSC, and thus higher PCE. The observed low JSC with drop-cast CZTSSe CE may 
be attributed to high resistance for charge transport due to a much thicker film used. The 
thickness of drop-cast CZTSSe film was 2.3 µm, which was over 10 times thicker than 
the spin-coated counterpart. In thin film solar cells where the CZTS was utilized as PV 
material, thicker CZTS film promoted light harvesting and simultaneously reduced 
charge transport. Thus, an optimum thickness of 1~2 µm was identified for CZTS thin 
film solar cells.
22, 23
 It is worth noting, however, that in the present study the CZTS film 
was exploited as a CE material, so large light absorption efficiency was no longer an 
advantage. Consequently, high resistance for charge transport dominated and lowered 
JSC. The DSSC obtained from the spin-coated CZTS film after selenization (black curves 
91 
 
in Figure 5.3a and 5.3b) showed a remarkably comparable PCE of 7.37% to that of 
7.04% in the Pt-coated DSSC (green curve in Figure 5.3b and sample d in Table 5.1), 
signifying that CZTS possessed a good electrocatalytic activity to reduce oxidized 
triiodide to iodide. Further improvement of the photovoltaic performance is expected, as 
many parameters of the counter electrode preparation (e.g., CZTS composition and 
fabrication method, for example, solution concentration and solvents used) have not yet 
been optimized. We also note that rational treatment of the photoanode (e.g., adding a 
 
Figure 5.4. Nyquist plots of dummy cells with a symmetric sandwich-like structure 
between two identical as-prepared CZTS by spin coating but without sintering (blue 
squares), spin-coated CZTS film after selenization (i.e., CZTSSe; black circles), drop-
cast CZTS film after selenization (i.e., CZTSSe; pink diamonds) and Pt (green stars) 
electrodes, respectively. The frequency scan ranged from 0.1 Hz to 1 MHz. The 
corresponding circuit was shown in inset. 
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scattering layer) would further increase the efficiency of both CZTSSe-coated and Pt-
coated solar cells; this is the subject of future work. 
To further elucidate the electrochemical characteristics of CZTS electrodes, 
electrochemical impedance spectroscopy (EIS) measurements was performed on dummy 
cells with a symmetric sandwich-like structure between two identical electrodes (i.e., 
CE/Electrolyte/CE) (see Experimental Section). The Nyquist plots are shown in Figure 
5.4. The high frequency (corresponding to low Z’) intercept on the real axis (i.e., Z’ axis) 
represented the series resistance (RS). The semicircle in high frequency range was 
resulted from the charge transfer resistance (Rct) and the corresponding constant phase 
angle element (CPE) at the electrolyte/CE interface.
12
 The semicircle in low frequency 
range (corresponding to high Z’) was arisen from the Nernst diffusion impedance of the 
triiodide/iodide couple in electrolyte.
12
 The values of Rs, Rct and CPE obtained by fitting 
the spectra in Figure 5.4 with EIS spectrum analyzer are summarized in Table 1. The 
large Rs of as-prepared CZTS CE (sample a) and drop-cast CZTSSe CE (sample c) can 
be attributed to the presence of organic ligand on the CZTS surface and the large 
thickness, respectively. Among all samples, spin-coated CZTSSe CE (sample b) 
exhibited the smallest Rct and largest CPE, suggesting a good catalytic activity and large 
surface areas.
12
 The Rct of CZTS and CZTSSe CEs (samples a, b and c) were less than 
that of Pt CE (sample d), indicating a superior catalytic property of CZTS and CZTSSe. 
However, Rs of CZTS and CZTSSe CEs were larger than that of Pt CE, which was due 
most likely to the relatively large conductivity of Pt as compared to semiconductor CZTS 
and CZTSSe. By reducing the thickness of CZTS and CZTSSe layers, and thereby 
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reducing Rs, a further increase in the performance of solar cells may be enabled. The EIS 
results agreed well with the photocurrent-voltage experiments. 
Conclusions 
In summary, we demonstrate the first study of developing a novel Pt-free CE for 
DSSCs based on low-cost quaternary CZTS nanocrystals. With a simple wet chemistry 
synthesis of CZTS and a viable spin-coating fabrication of CE, the resulting CZTS film 
after selenization exhibited an impressive electrocatalytic performance as CEs to promote 
the regeneration of iodide from triiodide in electrolyte, yielding PCE of 7.37%, 
remarkably comparable to that with the Pt CE (PCE = 7.04%). The use of CZTS as CE 
may expand the possibilities for developing low-cost and scalable DSSCs that dispose of 
the need for expensive and scarce Pt. 
Experimental Section 
Synthesis of Cu2ZnSnS4 nanocrystals. Copper zinc tin sulfide (CZTS) was 
prepared according to the literature
24
. 0.5 mmol copper(II) acetylacetonate (99.99%, 
Sigma-Aldrich), 0.25 mmol zinc acetylacetonate (99.995%, Sigma-Aldrich) and 0.25 
mmol tin(IV) bis(acetylacetonate) dibromide (98%, Sigma-Aldrich) were added to a 
three-neck round bottom flask with 10 mL oleylamine (OLA). The mixture was heated to 
130˚C while purging with Ar for 30 min. After the solution color changed from green-
blue to brown, the temperature of the mixture was further increased to 225˚C. 1 ml 1 M 
sulfur in OLA was then injected to the mixture. The mixture temperature was kept at 
225˚C for 1 h and then cooled down to 80˚C. The mixture was then diluted with toluene 
and the CZTS nanoparticles were precipitated with isopropanol. Nanoparticles were 
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separated by centrifugation at 4000 rpm for 5 min. After centrifuging, the supernatant 
was decanted and the precipitate was dispersed again in toluene. The alternating 
precipitation and dispersion process was repeated several times with isopropanol and 
toluene to obtain the final product. The CZTS nanoparticles were finally dissolved in 
toluene and concentrated to 150 mM.  
Fabrication of DSSCs. 3 mm thick FTO glass (15 Ω/cm2) was cut into 2 × 2 cm2 
pieces and sonicated in acetone, methanol and iso-propanol sequentially for 30 min each. 
The concentrated CZTS nanocrystal ink was coated on FTO glass by either spin-coating 
for several times or drop-casting to form a nanocrystal thin film. The thickness of the 
CZTS layer prepared by spin-coating and drop-casting was 180 nm and 2.3 µm, 
respectively. Subsequently, the CZTS films were annealed at 540°C in selenium (Se) 
vapor (i.e., forming CZTSSe). After selenization, the CZTSSe films were immersed into 
3 wt% KCN aqueous solution to remove excess selenium. Pt-coated FTO glass was 
prepared by drop casting 0.5 mM H2PtCl6/iso-propanol solution on the clean FTO glass 
and subsequently sintering at 380°C for 30 min. 25 nm TiO2 nanoparticles (P-25, 
Degussa) and poly(ethylene glycol) were dissolved in DI water and ethanol mixed 
solvents and stirred overnight to yield TiO2 paste. A 16 µm thick TiO2 nanoparticle layer 
was coated on the FTO glass. After sintering at 500°C for 3 h and cooling down to 80°C, 
the TiO2 nanoparticle-coated FTO glass was immersed into 0.2 M TiCl4 aqueous solution 
and kept in an oil bath at 70°C for 1 h.
28
It was then rinsed with ethanol and annealed 
again at 500°C for another 1 h. Finally, the TiO2 photoanode was exposed to O2 plasma 
for 10 min
28
 and immersed in 0.2 mM Cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-
dicarboxylato) ruthenium(II) bis(tetra-butylammonium) (N719, Solaronix) dye solution 
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for 24 h. DSSC with an active area of approximately 0.10 cm
2
 were assembled together 
with the CZTS-coated, CZTSSe-coated, or Pt-coated FTO glass by applying a 60 μm 
thick hot-melt sealed film as the spacer (SX1170-25; Solaronix Co.). The redox 
electrolyte used in the study was an ionic liquid containing 0.60 M BMIM-I, 0.03 M I2, 
0.50 M TBP, and 0.10 M GTC in a mixture of acetonitrile and valeronitrile (v/v = 85/15) 
(No. ES-0004, purchased from io.li.tec, Germany). The electrolyte was injected between 
two electrodes and driven by capillary force through the hole on the hot-melt sealed film. 
Characterizations. The size of CZTS nanocrystals was determined by 
transmission electron microscopy (JEOL 2100 scanning TEM, operating at 200 kV, 
MNIF at Iowa State University). The thickness and morphology of coated CZTS and 
CZTSSe films was imaged by field-emission scanning electron microscope (FESEM; FEI 
Quanta 250; operating at 10kv in High Vacuum, same condition applied for energy 
dispersive X-ray spectroscopy (EDS) analysis). The CZTS crystal size was measured by 
X-ray diffraction (XRD; SCINTAG XDS-2000, Cu Kα radiation (λ = 0.154 nm)). 
Oleylamine ligand removal from the CZTS surface was confirmed by thermogravimetry 
analysis (TGA; TA Instrument). Current-voltage (J-V) characteristics were measured 
using a Keithley Model 2400 multisource meter. A solar simulator (SoLux Solar 
Simulator) was used to simulate sunlight for an illumination intensity of 100 mW/cm
2
 as 
calibrated with a Daystar Meter. Electrochemical impedance spectroscopy (EIS) analysis 
was conducted in dummy cells by using electrochemical test station (Novocontrol 
technologies). The frequency scan was from 0.1 Hz to 1 MHz and the spectra were fitted 
by software (EIS spectrum analyzer). 
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Supporting Information 
XRD, TGA and SEM Results 
Figure S5.1 shows the XRD pattern of CZTS nanocrystals. The peak positions can 
be indexed to kesterite CZTS (JCPDS no. 26-0575). The average crystal size was 
calculated to be 15 nm according to the equation 
cos
L
FWHM




, where L is the 
crystal size, λ is the wavelength of X-ray, and FWHM is the full width at half maximum 
of a peak. It was consistent with the size measured by STEM of 156 nm. Figure S5.2 
compares the top view of a spin-coated CZTS film after selenization (CZTSSe) (Figure 
S5.2a) with a drop-cast CZTS film after selenization (CZTSSe) (Figure S5.2b). The 
cracks were clearly evident in drop-cast CZTSSe film.  
 
 
Figure S5.1. XRD pattern of CZTS nanocrystals. 
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Figure S5.2 Top view SEM images of CZTS films after selenization, yielding CZTSSe 
films. (a) spin-coated film, and (b) drop-cast film. 
 
 
Figure S5.3. Energy dispersive X-ray spectroscopy (EDS) analysis of CZTS.  
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Figure S5.4. Thermal gravimetric analysis (TGA) analysis of OLA-capped CZTS 
nanocrystals. 
 
The energy dispersive X-ray spectroscopy (EDS) analysis of CZTS before and 
after sintering in selenium vapor are shown in Figure S5.3. By randomly averaging over 
several spots shown in the SEM image, the compositions of CZTS nanocrystals before 
and after selenization were Cu1.51Zn1.00Sn1.45S3.61 and Cu1.49Zn1.00Sn1.51S0.85 Se4.78, 
respectively. The excess amount of selenium may originate from the deposition of 
elemental selenium during the selenization process. 
The TGA analysis of as-synthesized CZTS nanocrystals is shown in Figure S5.4. 
OLA ligands started to decompose at 215°C and were fully removed at 550°C. The 
weight ratio of OLA was approximately 12%.  Figure S5.5 shows top views of CZTS 
films that were as-prepared and sintered in selenium vapor, respectively. Before sintering, 
the nanocrystals were covered with a layer of organic ligands (Figure S5.5a). After 
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sintering at 540°C for 1 h, the ligands were removed, leaving behind CZTS nanoparticles 
(Figure S5.5b).  
 
Figure S5.5. SEM images of spin-coated CZTS films (top view). (a) as-prepared (i.e., 
CZTS capped with OLA ligands) and (b) sintered in Se vapor (i.e., CZTSSe; ligands 
were thus removed). 
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Abstract  
Rigorous scattering matrix simulations were utilized to describe the light 
absorption in ordered TiO2 nanotube arrays sensitized with CdSe and PbSe. The 
wavelength dependent absorption of light was simulated as a function of nanotube radius 
major fraction of the incident 
CdSe and PbSe 
effects and a maximal light absorption for nanotube radius of 500nm, where this portion 
of the spectrum was absorbed more strongly, were observed. Vertically aligned 
CdSe/PbSe nanotubes were slightly more effective (~5%) than a single PbSe nanotube. 
Preliminary experimental results demonstrate that the synthesis of well-ordered nanotube 
arrays with double anodic oxidation with a radius of 120 nm and a length of 12 µm.  
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Introduction 
Semiconductor nanocrystal quantum dots (QDs) potentially provide major 
advantages as photovoltaic materials in the next generation solar cells.
1
 The variation in 
quantum dots size, shape and composition offers control over optical and electronic 
properties.
1-6
 QDs sensitized solar cells (QDSCs) with metal chalcogenide (e.g. CdX, X = 
S, Se, Te) QDs anchored onto a wide bandgap semiconductor (e.g. TiO2) are of particular 
interest.
7-9
 QDs are able to transfer electrons to the wide bandgap semiconductor TiO2 
under illumination.
8, 10, 11
 One-dimensional (1D), vertically aligned TiO2 nanotube arrays 
of different aspect ratios have been fabricated by potentiostatic anodization of titanium 
foil.
12-18
 The precise orientation of the crystalline nanotube arrays after annealing makes 
them excellent electron percolation pathways for charge transfer between interfaces thus 
minimize the recombination of charge carriers.
19, 20
 CdSe QDs has been demonstrated 
that they are able to sensitize TiO2 nanostructure films in an efficient way.
10
 However, 
one limitation for CdSe QDs is that the absorption is limited in the visible range due to 
the bandgap of CdSe, while almost half of the solar irradiation energy located in near-
infrared (near-IR) range. To increase the total light harvesting rate, additional near-IR 
absorber QDs (e.g. PbSe) can be used by sequentially depositing CdSe and PbSe QDs in 
the TiO2 nanotubes.  The visible light will be absorbed by the top-layer CdSe QDs and 
subsequently the IR light will be absorbed by the bottom-layer PbSe QDs. Such a 
rationally designed configuration broadens the light absorption spectrum, comparing to 
CdSe sensitized solar cells. 
In this article, a rigorous model of the light absorption by quantum dots that are 
deposited in TiO2 nanotubes in a gradient fashion was built. The model is based upon the 
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recent work by Biswas et al in designing and fabrication of photonic-plasmonic crystal 
back-reflectors that enhance photon harvesting in thin film silicon solar cells
21
. This 
scattering matrix approach will be adapted to achieve advanced photon management and 
light-harvesting in QDDSCs. The wavelength dependent absorption of light as a function 
sufficiently long to absorb a major fraction of the incident photons. Diffractive effects 
and a maximal light absorption for nanotube radius of 500nm were observed in very thin 
were a slightly larger (~5%) comparing to a single PbSe nanotube.  
Simulation method 
We developed a rigorous method to describe the light absorption of quantum dot 
(CdSe and PbSe) sensitized solar cells with 2-D TiO2 nanotube structure (Figure 6.1). 
Our method is based on a well-established scattering matrix method
22
 where Maxwell’s 
equations are solved in Fourier space i.e. in a basis of plane waves for both incident 
polarizations of the incident wave
23, 24
. The solar cell (Fig. 6.1) is divided into several 
layers in the z-direction. In each layer the dielectric function is a periodic function of x 
and y, but not of z. The electric and magnetic fields are expanded in Bloch waves in each 
layer. Maxwell’s equations are integrated with the correct boundary conditions 
throughout the unit cell to obtain the scattering matrices of each layer, from which a 
standard convolution procedure is used to obtain the scattering matrix S for the entire 
structure. From the scattering matrix we find the total reflectance R (including diffracted 
beams) and transmission T at each incident wavelength for light incident on the top glass 
105 
 
 
 
 
Figure 6.1 Schematic cross section (a) of the solar cell architecture and top view (b) 
of the nanotube layer. 
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surface. The absorption at each wavelength is then A = 1- R -T. The scattering matrix 
algorithm is easily parallelized, with each frequency (or wavelength) sent to a different 
processor, enabling very efficient rapid simulations on parallel computer clusters. This 
approach has been very successful in simulating novel photonic-plasmonic crystal thin 
film silicon solar architectures that exceed the Lambertian limit
21
. Realistic wavelength 
dependent dielectric functions, incorporating dissipation, are used for all the materials 
from experimental measurement. We use the measured optical data for the wavelength-
1 2
25
 for Pt, Ti and the quantum dots 
(CdSe and PbSe). For glass, ITO, electrolyte and TiO2, we assume there is no absorption 
(i.e. n2 = 0).  
 The structure (Fig. 6.1) consists of   two sections. The upper section consists of 
ITO glass coated with Pt, and the bottom section of quantum dot sensitized TiO2 
nanotube arrays on Ti foil. There is a thin film of TiO2 between the nanotube and the Ti 
foil. This thin layer is generated from the anodization process during the preparation of 
TiO2 nanotube. Electrolyte is saturated in between the Pt/ITO glass and TiO2 nanotube 
layers. The TiO2 nanotubes are close-packed in a triangular lattice (Fig. 6.1) so that each 
nanotube has 6 neighboring nanotubes. The diameter of the nanotube and the distance 
between the nanotubes are set to be the same in this calculation (R4 = R5). Thus the 
nanotubes touch with each other. In the simulations,   light incidents vertically at top 
surface of the ITO coated glass.  
Results and Discussion 
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The calculated reflectance, transmittance and absorption for a 120 nm diameter 
CdSe sensitized TiO2 nanotube structure, similar to that synthesized in experiments, with 
different nanotube lengths are shown in Figure 6.2. Simulations were performed over the 
wavelength range from 300 nm to 1.2 µm. In order to separate the Ti metal absorption 
and include only the absorption in the CdSe quantum dots, Ti foil was not included in this 
calculation. There is a sharp decrease of the absorption around 740 nm, which is the 
transmittance both increased for wavelengths above 740 nm, and the absorption vanishes 
for photon energies below the fundamental gap.  
We calculated the absorption <Aw> weighted by the solar spectrum with the 
equation  
 
2
1
w
dI
A A d
d


 

    
The upper limit is the band edge of CdSe, 2 740 nm  , whereas the lower limit is 
1=400 nm, below which the solar intensity drops rapidly; /dI d is the incident solar 
radiation intensity per unit wavelength.  
Qualitatively, a thicker nanotube film, thus longer nanotubes should absorb more 
light. However, the increase of absorption will be slow if the length is sufficiently large. 
The weighted absorption doubled from 0.392 to 0.827 when the length of nanotubes 
increased from 0.2 µm to 2 µm, but only increased 4 %, from 0.827 to 0.858, when the 
length increased from 2 µm to 10 µm with 120 nm diameter nanotube sensitized with 
CdSe. An active layer consisted with longer nanotubes implies more light will be 
absorbed. From Figure 6.2, it can be found that for a thin 0.2 µm layer, the transmittance 
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Figure 6.2 Reflectance, transmittance and absorption for 120 nm diameter CdSe 
sensitized TiO2 nanotube structure with (a) 10 µm, (b) 2 µm and (c) 0.2 µm thickness 
without Ti foil. The thickness of the CdSe layer is 5 nm. 
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is almost as much as the absorption, since the photon absorption length exceeds the 
thickness of the film. However for thicker 2 µm and 10 µm layers, there is a negligible 
transmittance. Most of the light will be absorbed in the upper part of the nanotube layer, 
and the increased the thickness will not appreciably change the absorption. We infer that 
the increase of absorption for nanotubes longer than 10 µm will be negligible, since 
almost all the light has been absorbed in the top 10 µm of the nanotube layer. 
Figure 6.3 shows the weighted absorption Aw for the CdSe sensitized TiO2 
nanotube structure with varying tube length and diameters. The effect of the diameter of 
the nanotube is not significant for long nanotubes. The Aw for 10 µm nanotube coated 
with CdSe varies between 0.85 and 0.87 with 60, 120, 300, 500, 700 and 900 nm 
diameters. There is only 2% difference between the maximum absorption (500 nm 
diameter) and the minimum absorption (60 nm diameter). However, the correlation 
between the nanotube diameter and the weighted absorption is much stronger in short 
Figure 6.3 The weighted absorption Aw for CdSe sensitized TiO2 nanotube structure 
with different thickness and tube diameters 
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nanotubes.  The Aw for 0.2 µm nanotube coated with CdSe varies between 0.37 and 0.59, 
with diameters from 60 nm to 900 nm. The maximum absorption (0.589, for the 500 nm 
diameter) is 50% more than the minimum absorption (0.376, 60 nm diameter), as shown 
in Figure 6.3. This is an interesting photonic effect analogous to previous results  
obtained in thin film silicon absorber layers,
24
 where the strongest diffraction was 
observed when the lattice pitch a was close to the wavelength of the band edge. The 
Figure 6.4 The light absorption as a function of wavelength for (a) 0.2 µm and (b) 10 
µm thick TiO2 nanotube with different diameters sensitized with CdSe quantum dots. 
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Figure 6.5  Reflection, transmission and absorption for 120 nm diameter PbSe 
sensitized TiO2 nanotube structure with (a) 10 µm, (b) 2 µm and (c) 0.2 µm thickness 
without Ti foil. The thickness of the PbSe layer is 5 nm. 
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increase of the absorption and the current density at a diameter of 500 nm can be ascribed 
to the strong diffraction which occurs when the wavelength of light and the nanotube 
diameter matches. Diffraction will increase the path length of light inside the absorber 
layer, and increase the absorption of the light with wavelength around the tube diameter 
(Figure 6.4 a). The absorption peak appeared around 300 nm, 500 nm and 700 nm for 
nanotube with diameter 300 nm, 500 nm and 700 nm, respectively. When the nanotube 
diameter is 500 nm, the overall weighted absorption reached maximum. However for a 
thick nanotube layer (such as 10 µm in Figure 6.4 b), the effect of diameter is negligible, 
since the large thickness results in absorption of most of the light. Therefore no space for 
the improvement of absorption is left. 
We also calculated reflectance, transmittance and absorption for 120 nm diameter 
PbSe sensitized TiO2 nanotube with different nanotube thickness (Figure 6.5), with the 
calculated wavelength range from 300 nm to 5.1 µm. As in the previous CdSe 
Figure 6.6  The weighted absorption Aw for PbSe sensitized TiO2 nanotube structure 
with different thickness and tube diameters. 
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calculations we exclude the Ti foil. The cut-off wavelength of the absorption here is 
larger than 4700 
observed for CdSe sensitized nanotubes, thicker PbSe sensitized nanotube film can 
absorb more light. The weighted absorption doubled from 0.656 to 0.808 and 0.814 when 
the thickness increased from 0.2 µm to 2 µm and 10 µm, respectively, as shown in Figure 
6.6. From Figure 6.5 b and 6.5 c, the different spectral width of the absorption spectrum 
for 0.2 µm nanotube and 2 µm nanotube obviously explains the increase of weighted 
absorption from 0.656 to 0.808. However the increase of weighted absorption is not 
significant from the 2 µm nanotube to 10 µm nanotube, from 0.808 to 0.814. Although 
the spectrum showed a large increase of absorption in the wavelength range larger than 
2.3 µm, as shown in Figure 6.5 a and 6.5 b. The reason is that the solar energy intensity is 
in this region is low. The photon-electron conversion efficiency of PbSe will increased by 
approximately 13 % if the carrier multiple excitation is taken in consideration.
26
 
The bottom Ti foil can served as a reflector, although it is not as effective as the 
noble metals, such as silver or gold, in increasing light harvesting. However this increase 
is negligible for thick nanotubes, because most of the light has already been absorbed in 
one pass through the nanotube layer and only very small amount of the light may reach 
the Ti substrate. Real Ti foils have a non-negligible parasitic absorption loss, 
considerably higher than that of gold or silver.  For a 10 µm CdSe coated TiO2 nanotube, 
the absorption Aw with Ti and without Ti is 0.880 and 0.858, respectively. The absorption 
of Ti was exempted in the simulation. For the 10 µm PbSe coated TiO2 nanotube, the 
absorption Aw with Ti and without Ti is 0.815 and 0.814, respectively. For both CdSe and 
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PbSe coated nanotube with 10 µm, the increase in Aw is within 2%. For a thin nanotube, 
the effect of the reflective Ti substrate is more significant. Calculations with 0.2 µm thick 
CdSe coated nanotube indicate that the absorption Aw with Ti and without Ti is 0.756 and 
0.392, respectively. After excluding the absorption of Ti itself (i.e. simulated with an 
ideal lossless Ti substrate), the absorption is 0.523, which is much larger than the one 
without Ti (0.392). The increase for a thin PbSe coated nanotube (0.2 µm thick) is also 
significant with the Ti substrate (0.748, with lossless Ti substrate) comparing to the one 
without Ti substrate (0.662).  
Almost half of the solar energy lies in the infrared wavelength range beyond 740 nm, 
Figure 6.7  Schematic cross section of the CdSe/PbSe vertically sensitized solar cell. 
 
 
 
115 
 
which cannot be absorbed by the CdSe quantum dots. Therefore adding another layer of 
low band gap PbSe sensitized TiO2 nanotube at the bottom of the high band gap CdSe 
sensitized TiO2 nanotube will increase the light harvesting efficiency, analogous to the 
effect in tandem solar cells. The schematic cross section of the CdSe/PbSe vertically 
sensitized solar cell (figure 6.7) shows the top layer of CdSe sensitized TiO2 nanotube, 
with a bottom layer of PbSe sensitized nanotubes. CdSe quantum dots will absorb visible 
light and the PbSe quantum dots will absorb the longer-wavelength infrared light. This is 
not a tandem solar cell configuration since the band gaps do not add up to provide a 
larger VOC, instead the photocurrents from each absorber layer add up. The reflectance, 
transmittance and absorption for vertically aligned CdSe/PbSe sensitized TiO2 nanotube 
structure is shown in Figure 6.8. The diameter of the nanotube is set at 120 nm. For 10 
µm nanotube coated with CdSe, the absorption Aw is 0.447, in the wavelength range from 
400 nm to 4000 nm. A vertically aligned 5 µm CdSe / 5 µm PbSe coated TiO2 nanotube 
structure enhances the absorption Aw to 0.862, which is almost twice of the nanotubes 
coated only by CdSe with the same thickness. PbSe absorbs infrared photons which 
cannot be absorbed by CdSe,  thus increasing the absorption. We note that the vertically 
aligned structure has somewhat more absorption (Aw=0.862) than simply PbSe coated 
nanotubes (Aw=0.814). In summary the scattering matrix method provides a powerful 
platform to rigorously simulate the light absorption in complex structures, and identify 
locations of parasitic absorption or loss in the solar architecture. 
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Experiments have been taken to synthesize structures similar the theoretical 
simulations.   TiO2 nanotubes were synthesized by anodization on a Ti foil, following the 
method in our previous work.
14-17
 The final thickness of the nanotube is 12 µm and the 
diameter of the nanotube is 120 nm, which are verified by the SEM image (Figure 6.9). 
The morphology of nanotubes fabricated with the first anodization process is not good 
(Figure 6.9 a), therefore a second anodization has been made after removal of the first 
anodized nanotubes, resulting in a considerably higher ordered TiO2 nanotube (Figure 6.9  
b). Although no longer range order exits, the short range order is typical of a 
distorted triangular lattice structure. After the second anodization, the TiO2 nanotubes 
were annealed under 500 °C for 3 hours, and cleaned by an oxygen plasma for 10 min. 
The successive ionic layer adsorption and reaction (SILAR) method was used to sensitize 
the nanotube with CdSe quantum dot and PbSe quantum dots. A 25 µm thick hot-melt 
film was used to separate the TiO2 nanotubes and the Pt coated ITO glass. These samples 
Figure 6.8 Reflectance, transmittance and absorption for vertically aligned CdSe/PbSe 
sensitized TiO2 nanotube structure with 10 µm thickness. 
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will then be used for further optical measurement. 
Conclusions 
We describe the calculation of the light harvesting ability of nanotube solar cells 
coated with quantum dots. For short nanotubes, there is a diffractive photonic effect 
where the absorption is maximized for lattice pitch close to the wavelength of light being 
Figure 6.9 SEM image of anodized TiO2 nanotube. (a) top view after 1
st
 anodization; 
(b) top view, (c) bottom view and (d) cross view of nanotube after removal of the Ti 
foil and TiO2 layer after 2
nd
 anodization. 
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absorbed. We describe the experimental synthesis of CdSe and PbSe sensitized nanotube 
to demonstrate that such ordered arrays, similar to simulation, can be achieved. 
Achieving efficient light harvesting, requires electron transfer from the quantum dot to 
the TiO2 nanotube and is an aspect for further experimental and theoretical work. To 
achieve efficient electron transfer there must be an appreciable overlap of the wave-
functions in the quantum dot and the TiO2 nanotube, to ensure electron transfer on a time 
scale smaller that the recombination time of the e-h in the quantum dot.  
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Abstract  
Photon absorption crates excitons in the quantum dot, that dissociate to generate 
electrons in the titania and holes in the electrolyte. We have simulated the electronic 
states of CdSe and PbSe quantum dots on a titania substrate using the ab initio density 
functional SIESTA method. The electronic densities of states are in good agreement with 
previous theoretical and experimental results. There is significant bonding between the 
CdSe quantum dot and the titania substrate. We will discuss excited state in the quantum 
dot and electron transfer processes from the quantum dot to the titania substrate. With the 
difference of the conduction band levels, the electron injection process from CdSe to 
TiO2 is predicted to be faster comparing to PbSe to TiO2. 
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Introduction 
Semiconducting quantum dots (QDs) are widely studied with many 
interdisciplinary applications. One of the most promising attribute of these materials is 
their size-dependent electronic structure,
1
 thus, the ability to design the systems and 
devices by simply altering the size of one of the component materials, and less expensive 
and less complex to synthesize.
2
 The properties of the QDs. 
Recently, quantum dots-sensitized solar cells (QDSSCs) with semiconductor QDs 
as a sensitizer have been investigated, as an alternative device of dye-sensitized solar 
cells.
1-4
 Comparing to dye sensitizers, which can be photochemically unstable and harvest 
only part of the solar spectrum, QDs can be easily tuned to absorb light at any 
wavelength and photochemically robust.
5
 In addition, QDs provide opportunities for 
increasing the solar cell performance by multiple electron generation (MEG).
6
 
7
 
The most commonly used and investigated QDs for QDDSC is CdSe QDs. They 
have been demonstrated that they are able to sensitize TiO2 nanostructure films in an 
efficient way.
8
 Recent published papers reported the use of PbSe QDs with TiO2 substrate 
to enhance the performance of the solar cell by MEG effect. 
6, 7, 9-11
 
Previous simulation research focused on the electrical and optical properties of 
CdSe,
12-14
 PbSe
14-16
 and TiO2
17, 18
 themselves. Recently more and more efforts have been 
devoted to exploring the nature and mechanisms of interfacial electron transfer, both in 
experiment and simulation area. 
1-3, 5, 9
 
In this work, we used Spanish Initiative for Electronic Simulations with 
Thousands of Atoms (SIESTA)
19
 program to simulate the electron injection properties at 
the interface of CdSe QDs and anatase TiO2 substrate, as well as PbSe QDs and anatase 
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TiO2 substrate. Isolated CdSe QD, PbSe QD and TiO2 substrate were simulated 
separately and then combined together. Wavefunction iso-surface plots were used to 
further investigate the details of the charge properties at the interface. 
Simulation method 
This ab intio simulation was based on density functional theory (DFT)
20
 with 
Spanish Initiative for Electronic Simulations with Thousands of Atoms (SIESTA)
19
 
program. Perdew-Burke-Ernzerhof (PBE) functional
21
 based on general gradient 
approximations (GGA) was used to treat with the nonlocal exchange and correlation 
energies. Bulk anatase TiO2, wurtzite CdSe and cubic PbSe were first simulated and 
compared with the references
12, 22, 23
 to verify the accuracy of the simulation, followed by 
the simulation of small quantum dots Cd6Se6, Pb4Se4 and large quantum dots Cd36Se36 
and Pb68Se68. The stoichiometric anatase (101) surface was modeled with a periodical 
slab, since most of available anatase TiO2 crystals are dominated by the 
thermodynamically stable {101} facets (more than 94 %, according to the Wulff 
construction).
18, 24
 A 288 atom system (4 × 6 × 2) with 4 unit cells in x direction, 6 unit 
cells in y direction and 2 unit cells in z direction was built. A vacuum region of 3 nm was 
inserted between the slab and its periodic image along z direction. The Cd36Se36 and 
Pb68Se68 quantum dots were combined to the anatase TiO2 slab substrate. 
Results and Discussion 
Bulk anatase TiO2, wurtzite CdSe and cubic PbSe were first simulated. DOS and 
electronic band structures were calculated (Figure S7.1). The bandgap of bulk anatase 
TiO2, wurtzite CdSe and cubic PbSe were 2.60 eV, 1.57 eV and 0.51 eV, respectively, 
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while the experimental value of the bandgaps of TiO2, CdSe and PbSe are 3.20 eV, 1.74 
eV and 0.27 eV, respectively. Electronic band structure plots of CdSe and PbSe showed a 
direct bandgap at Γ point (Figure S7.1 d and f). While the electronic band structure plot 
for anatase TiO2 showed both a direct bandgap of 2.78 eV at Γ point and an indirect 
bandgap of 2.60 eV between Γ point and M point (Figure S7.1 b). The 0.18 eV difference 
is consistent with previous simulation results.
22
 The calculated lattice constant for TiO2, 
CdSe and PbSe were compared with experimental values in Table S7.1. All the 
 
 
Figure 7.1. (a) DOS spectrum of bulk CdSe, Cd6Se6 and Cd36Se36 and positions of 
atoms in (b) Cd6Se6 and (c) Cd36Se36 quantum dots. Black solid line is for bulk CdSe, 
green curve is for Cd6Se6 and blue curve for Cd36Se36. Yellow balls represent Cd 
atoms and magenta balls stand for Se atoms 
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calculated results on bulk materials indicated that our simulation is consistent with 
simulation and experiment references.
12, 14, 16-18, 24
  
Quantum dots CdSe and PbSe were then simulated after the work of bulk CdSe 
and PbSe. Two quantum dots with different size were built up for each semiconductors.  
Figure 7.1 (a) shows the DOS spectrum of bulk CdSe, Cd6Se6 and Cd36Se36. Black solid 
line is for bulk CdSe, green curve is for Cd6Se6 and blue curve for Cd36Se36. Figure 7.1 
 
 
Figure 7.2. (a) DOS spectrum of bulk PbSe, Pb4Se4 and Pb68Se68. Blue solid line is for 
bulk PbSe, green dot curve is for Pb4Se4 and red dot curve for Pb68Se68. And positions 
of atoms in (b) Pb4Se4 and (c) Pb68Se68 quantum dots. Blue balls represent Pb atoms 
and magenta balls stand for Se atoms 
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(b) and (c) shows the positions of atoms in Cd6Se6 and Cd36Se36 quantum dots, 
respectively. Yellow balls represent Cd atoms and magenta balls stand for Se atoms. The 
bandgap changed from 1.89 eV to 1.72 eV and 1.57 eV for Cd6Se6, Cd36Se36 and bulk 
CdSe, respectively. The trend of the bandgap is in accordance with the size of the 
quantum dots, thus, the bigger the size, the smaller the bandgap. The formation energy 
per atoms have an descending trend when the sizes of quantum dots turn bigger, from 
0.72 eV to 0.43 eV for Cd6Se6 and Cd36Se36, respectively. This result is reasonable, since 
the smaller quantum dot has larger surface area, thus larger surface energy, which 
contributes to higher energy per atom. For PbSe quantum dots, same analysis had been 
addressed with different atom numbers, since the structures of PbSe and CdSe are 
different. Figure 7.2 (a) shows the DOS spectrum of bulk PbSe, Pb4Se4 and Pb68Se68. 
Blue solid line is for bulk PbSe, green dot curve is for Pb4Se4 and red dot curve for 
Pb68Se68. The positions of atoms in Pb4Se4 and Pb68Se68 quantum dots after relaxation are 
shown in Figure 7.2 (b) and (c), respectively. Blue balls represent Pb atoms and magenta 
balls stand for Se atoms. The formation energy per atom and bandgap for bulk PbSe, 
Pb4Se4 and Pb68Se68 were summarized. The bandgap changed from 2.32 eV to 0.70 eV 
and 0.51 eV for Pb4Se4, Pb68Se68and bulk PbSe, respectively. The formation energy per 
atoms decreased from 0.64 eV to 0.29 eV for Pb4Se4 and Pb68Se68, respectively. The 
trends of bandgap and energy per atom for PbSe quantum dots are as same as those of 
CdSe quantum dots. Figure S7.2 shows the wavefunction iso-surface plots of conduction 
band and valence band for CdSe and PbSe quantum dots. The size of the cube is 3 nm. 
To investigate the electron injection properties at the interfaces, an anatase 
substrate is necessary. An anatase slab with 288 atoms in total was built with (101) 
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surface face to z direction, since it is the most stable surface of anatase TiO2. Periodical 
boundary conditions was applied to x and y directions. The positions of atoms are shown 
in Figure S7.3. 
In order to simplify the simulation process and focus on the key components of 
the interface, quantum dots were directly connected to the anatase surface, without the 
consideration of surface ligand outside the quantum dots. This direct connection is 
possible with some experimental designs, such as hydrazine treatment or successive ionic 
layer adsorption and reaction (SILAR) process.  Figure 7.3 shows the geometry of 
anatase (101) with (a) Cd36Se36 and (b) Pb68Se68 QD system. Yellow balls represent Cd 
atoms, blue balls indicate Pb atoms, magenta balls stand for Se atoms, grey balls stand for 
Ti atoms and red balls are oxygen atoms. The binding energy of the QD and anatase 
system was calculated by comparing the difference of the total energy of the whole 
 
Figure 7.3. The geometry of anatase (101) with (a) Cd36Se36 and (b) Pb68Se68 QD 
system. Yellow balls represent Cd atoms, blue balls indicate Pb atoms, magenta balls 
stand for Se atoms, grey balls stand for Ti atoms and red balls are oxygen atoms. 
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system and the total energy of separated QD and anatase substrate. For anatase – CdSe 
QD system, the binding energy is 4.2 eV and for anatase – PbSe QD system, the binding 
energy is 6.4 eV.  
Figure 7.4 (a) shows the DOS spectrum for anatase – CdSe QD system. Black 
solid line stands for the whole system, green dot curve is Cd36Se36 QD and blue curve is 
anatase substrate. In order to further understand the interface properties, electron 
wavefunction iso-surface plots are drawn for several representative energy levels and 
shown in Figure 7.5. Plot 4 is the wavefunction plot at the highest value of valence band 
of TiO2 substrate; Plot 9 is the wavefunction plot at the highest value of valence band of 
 
 
Figure 7.4. (a) DOS spectrum for anatase – CdSe QD system. Black solid line stands 
for the whole system, green dot curve is Cd36Se36 QD and blue curve is anatase 
substrate. (b) Zoom in of DOS spectrum near Fermi energy. Number 1 to 18 indicates 
the number of wavefunction plots in Figure S4. 
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CdSe QD; Plot 10 is the wavefunction plot at the lowest value of conduction band of 
TiO2 substrate and Plot 14 is the wavefunction plot at the lowest value of conduction 
band of CdSe QD. The size of the simulation cube is 3 nm. Additional wavefunction 
plots are shown in Figure S7.4.  
Figure 7.4 (b) indicates the position of the wavefunction plots. Ef is the Fermi 
energy. Plot 1 locates at deep valence band. Plot 2 to 5 are around the highest value of 
valence band of TiO2 substrate (Plot 4). Plot 6 locates at the valence band of CdSe QD 
and Plot 7 to 9 are close to the highest value of valence band of CdSe QD (Plot 9). For 
the wavefunction plots with energy level lower than the highest value of valence band of 
TiO2 (Plot 1 to 4), electron wavefunctions appear both on QD and TiO2 substrate, while 
beyond this point, electron wavefunctions only locate at the CdSe QD (Plot 5 to 9). Plot 
 
 
Figure 7.5. Wavefunction iso-surface for anatase-CdSe QD system. 
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10 to 12 are around the lowest value of conduction band of TiO2 (Plot 10). Plot 13 to 16 
are near the lowest value of conduction band of CdSe QD (Plot 14). Plot 17 and 18 are 
higher conduction band of the anatase – QD system. Below the lowest value of 
conduction band of CdSe QD, only the electrons inside TiO2 substrate contribute to the 
wavefunction plot (Plot 10 to 13). And above this point, both electrons inside TiO2 
substrate and CdSe QD appear (Plot 14 to 18). From Plot 14, there is an appreciable 
overlap of the wavefunctions of CdSe QD and TiO2 substrate, which indicates that the 
electron transfer from CdSe QD to TiO2 substrate is facilitated and efficient. During the 
charge injection process under illumination, electrons of CdSe QD are first excited from 
their ground state (Plot 9) to their excited state (Plot 14) by accepting energies from 
photons. Due to the overlaps of the wavefunctions in Plot 14, the excited electrons can 
easily move to TiO2 substrate and then relax to some states with lower energy level (Plot 
10 to 13), which are localized on TiO2 substrate. Thus finish the charge injection process 
from CdSe QD to TiO2 substrate.  
Same analysis was also adapted to anatase – PbSe QD system. Figure 7.6 (a) 
shows the DOS spectrum for anatase – PbSe QD system. Black solid line stands for the 
whole system, green dot curve is Pb68Se68 QD and blue curve is anatase TiO2 substrate. 
Electron wavefunction iso-surface plots for several representative energy levels are 
shown in Figure 7.7. Plot 4 is the wavefunction plot at the highest value of valence band 
of TiO2 substrate; Plot 9 is the wavefunction plot at the highest value of valence band of 
PbSe QD; Plot 10 is the wavefunction plot at the lowest value of conduction band of TiO2 
substrate and Plot 14 is the wavefunction plot at the lowest value of conduction band of 
PbSe QD. The size of the simulation cube is 3 nm. Additional wavefunction plots are 
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shown in Figure S7.5. Figure 7.6 (b) indicates the position of the wavefunction plots. Ef is 
the Fermi energy. Plot 1 locates at deep valence band. Plot 2 to 5 are around the highest 
value of valence band of TiO2 substrate (Plot 4). Plot 6 locates at the valence band of 
PbSe QD and Plot 7 to 9 are close to the highest value of valence band of PbSe QD (Plot 
9). For the wavefunction plots with energy level lower than the highest value of valence 
band of TiO2 (Plot 1 to 4), electron wavefunctions appear both on QD and TiO2 substrate, 
while beyond this point, electron wavefunctions only locate at the PbSe QD (Plot 5 to 9). 
Plot 10 to 12 are around the lowest value of conduction band of TiO2 (Plot 10). Plot 13 to 
16 are near the lowest value of conduction band of PbSe QD (Plot 14). Plot 17 and 18 are 
 
 
Figure 7.6. . (a) DOS spectrum for anatase – PbSe QD system. Black solid line stands 
for the whole system, green dot curve is Pb68Se68 QD and blue curve is anatase 
substrate. (b) Zoom in of DOS spectrum near Fermi energy. Number 1 to 18 indicates 
the number of wavefunction plots in Figure S5. 
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higher conduction band of the anatase – QD system. Below the lowest value of 
conduction band of CdSe QD, only the electrons inside TiO2 substrate contribute to the 
wavefunction plot (Plot 10 to 13). And above this point, both electrons inside TiO2 
substrate and PbSe QD appear (Plot 14 to 18). From Plot 14, there is an overlap of the 
wavefunctions of PbSe QD and TiO2 substrate, which is the same as that of CdSe QD and 
TiO2 substrate. Therefore the electron transfer from PbSe QD to TiO2 substrate is also 
possible. The charge injection process from PbSe QD to TiO2 substrate is the same as that 
from CdSe QD to TiO2 substrate. Exited electrons in PbSe QD in excited state (Plot 14) 
will easily move to TiO2 substrate and then relax to some states with lower energy level 
 
 
Figure 7.7 Wavefunction iso-surface for anatase-PbSe QD system. 
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(Plot 10 to 13), which are localized on TiO2 substrate. Although both CdSe and PbSe QD 
can inject excited electrons into anatase substrate, their injection rate may be different. 
According to the DOS spectrum of anatase – CdSe QD system (Figure 7.4 (a)) and 
anatase – PbSe QD system (Figure 7.6 (a)), the band alignment of these two systems 
were drawn in Figure 7.8.  The differences between the conduction band of QD and of 
anatase substrate are 0.96 eV and 0.31 eV for CdSe QD and PbSe QD, respectively. We 
estimated the electron transfer rate constant with Kamat’s experimental work.1, 3 
According to the dependence of electron transfer rate constant (ket) and the energy 
difference between the conduction bands (ΔG) given by Kamat, ket for anatase – CdSe 
system is 10
11
 and anatase – PbSe system is 106. This result (a) DOS spectrum for anatase 
– PbSe QD system. Black solid line stands for the whole system, green dot curve is 
Pb68Se68 QD and blue curve is anatase substrate. (b) Zoom in of DOS spectrum near 
Fermi energy. Number 1 to 18 indicates the number of wavefunction plots in Figure S5 
indicates that electron injection from CdSe QDs to anatase substrate is much faster than 
that from PbSe QDs to anatase substrate.  
 
 
Figure 7.8 Schematic view of band alignment of (a) anatase – CdSe system and (b) 
anatase – PbSe system. 
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Conclusions 
CdSe and PbSe quantum dots on anatase TiO2 substrate were simulated with ab 
initio program. The electronic densities of states and band structures are in good 
agreement with previous theoretical and experimental results. The formation energy and 
the bandgap of the QDs are increasing with a smaller size. Isosurface plot of 
wavefunction showed the excited electron injection from CdSe or PbSe quantum dots to 
TiO2 is reasonable. Significant bonding between the CdSe or PbSe QDs and the titania 
substrate were observed. Due to the alignment of the band position, electron injection rate 
is much faster from CdSe quantum dots to TiO2 comparing to that from PbSe to TiO2. 
 
Supporting Information 
 
Table S7.1 Comparison of lattice constant of anatase TiO2, wurtzite CdSe and cubic 
PbSe 
  Calculated (Å) Experiment (Å) 
TiO2 
a 3.782 3.784 
c 9.513 9.514 
CdSe 
a 4.300 4.299 
c 7.021 7.010 
PbSe a 6.120 6.120 
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Figure S7.1 Density of states (DOS) of (a) anatase TiO2, (b) wurtzite CdSe and (c) 
cubic PbSe and electronic band structures of (d) anatase TiO2, (e) wurtzite CdSe and 
(f) cubic PbSe. 
. 
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Figure S7.2 Wavefunction iso-surface plots for Cd33Se33 and Pb68Se68 quantum dots. 
The size of the cube is 3 nm. 
 
 
 
Figure S7.3 Positions of atoms of anatase TiO2 slab. 
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Figure S7.4 Wavefunction iso-surface for anatase-CdSe QD system. 
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Figure S7.5 Wavefunction iso-surface for anatase-PbSe QD system. 
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CHAPTER 8: GENERAL CONCLUSION 
To understand the fundamental physics and performance of DSSCs and QDSSCs 
with improved PCE at the low cost based on rational engineering of TiO2 and ZnO 
nanostructures, sensitizers, and electrodes, I did an integrated experimental and modeling 
study.  
The synergy of TiCl4 treatment and O2 plasma processing on TiO2 nanoparticle 
films markedly enhanced the performance of resulting DSSCs. The TiCl4 treatment 
induced an improved surface morphology of TiO2 which increased Voc and FF, while O2 
plasma treatment increased JSC by promoting the dye loading on the TiO2 surface. In 
stark contrast to a PCE of 3.86% from a 21 µm thick untreated TiO2 sample, a maximum 
PCE of 8.35% was achieved after sequential TiCl4 and O2 plasma treatments.  
Freestanding anatase TiO2 nanotube arrays were fabricated by a two-step 
electrochemical anodization. A layer of P-25 nanoparticle film coated on the FTO glass 
and a bilayer of P-25 nanoparticle/freestanding nanotube film deposited on the FTO glass 
were employed as photoanodes (i.e., P-25 nanoparticle/FTO and TiO2 nanotube/P-25 
nanoparticle/FTO), respectively, and assembled into corresponding DSSCs after treating 
by TiCl4 solution followed by exposing to O2 plasma. An optimal total thickness of 20 
µm TiO2 composed of nanoparticle and nanotube layers was found to yield the highest 
Jsc. DSSCs based on a 20 µm TiO2 nanoparticle film solely and a bilayer of 13µm TiO2 
nanoparticles and 7µm TiO2 nanotubes exhibited the highest power conversion 
efficiency, PCE of 8.02% and 7.00%, respectively. The J~V parameter analysis acquired 
by equivalent circuit model simulation revealed that nanotubular structures were 
advantageous and imparted better charge transport in nanotubes. However the 
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photocurrent generation was reduced owing to the less accessibility of nanotubes to dyes 
due to the one-side open nature of nanotubes and their small surface area, which in turn 
resulted in low dye loading.  
Chemical bath deposition (CBD) method was used to fabricate ZnO nanoflowers.  
Various conditions of precursor concentration, precursor amount and reaction time were 
investigated to reveal the quality of the CBD ZnO nanoflowers. These ZnO nanoflowers 
were then converted to TiO2 nanoflowers with hollow structures. Dye-sensitized solar 
cells (DSSCs) prepared by capitalizing on ZnO or TiO2 nanoflowers film sensitized with 
N719 dyes exhibited a power conversion efficiency of 1.16 % and 2.73 %, respectively. 
The reason of the low performance of nanoflower structures comparing to nanoparticle 
structures is the low surface area.  
We developed a novel Pt-free CE for DSSCs based on low-cost quaternary CZTS 
nanocrystals. With a simple wet chemistry synthesis of CZTS and a viable spin-coating 
fabrication of CE, the resulting CZTS film after selenization exhibited an impressive 
electrocatalytic performance as CEs to promote the regeneration of iodide from triiodide 
in electrolyte, yielding PCE of 7.37%, remarkably comparable to that with the Pt CE 
(PCE = 7.04%).  
We describe the calculation of the light harvesting ability of nanotube solar cells 
coated with quantum dots. For short nanotubes, there is a diffractive photonic effect 
where the absorption is maximized for lattice pitch close to the wavelength of light being 
absorbed. We describe the experimental synthesis of CdSe and PbSe sensitized nanotube 
to demonstrate that such ordered arrays, similar to simulation, can be achieved.  
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CdSe and PbSe quantum dots on anatase TiO2 substrate were simulated with ab 
initio program. The electronic densities of states and band structures are in good 
agreement with previous theoretical and experimental results. The formation energy and 
the bandgap of the QDs are increasing with a smaller size. Isosurface plot of 
wavefunction showed the excited electron injection from CdSe or PbSe quantum dots to 
TiO2 is reasonable. Significant bonding between the CdSe or PbSe QDs and the titania 
substrate were observed. Due to the alignment of the band position, electron injection rate 
is much faster from CdSe quantum dots to TiO2 comparing to that from PbSe to TiO2. 
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